Compostos fenólicos a partir de subprodutos da indústria florestal by Santos, Sónia Andreia Oliveira
 Universidade de Aveiro 
2012  
Departamento de Química 
Sónia Andreia 
Oliveira Santos 
 
Compostos fenólicos a partir de subprodutos da 
indústria florestal  
 
Phenolic compounds from forest industrial by-
products 
 
 
   
  
Universidade de 
Aveiro 
2012  
Departamento de Química 
Sónia Andreia 
Oliveira Santos 
 
 
Compostos fenólicos a partir de subprodutos da 
indústria florestal 
Phenolic compounds from forest industrial by-
products 
 
 Tese apresentada à Universidade de Aveiro para cumprimento dos requisitos 
necessários à obtenção do grau de Doutor em Química, realizada sob a 
orientação científica do Doutor Carlos Pascoal Neto, Professor catedrático 
do Departamento de Química da Universidade de Aveiro e do Doutor 
Armando Jorge Domingues Silvestre, Professor associado com agregação 
do Departamento de Química da Universidade de Aveiro 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Apoio financeiro do projeto AFORE (CP-IP 228589-2) no âmbito do VII 
Quadro Comunitário de Apoio.  
Apoio financeiro do projeto WaCheUp (NMP-TI-3 – STRP 013896) no 
âmbito do VI Quadro Comunitário de Apoio. 
 
                            
 
Apoio financeiro da FCT e do FSE (SFRH / BD / 42021 / 2007), no âmbito do Programa Operacional Potencial 
Humano (POPH) do QREN. 
   
   
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
À minha mãe. 
 
 
   
 
 
 
 
 
 
o júri   
 
presidente Doutor Carlos Alberto Diogo Soares Borrego 
professor catedrático da Universidade de Aveiro 
 
Doutor Carlos Pascoal Neto 
professor catedrático da Universidade de Aveiro 
 
Doutor Nuno Filipe da Cruz Batista Mateus 
professor associado com agregação da Faculdade de Ciências da Universidade do Porto 
 
Doutor Armando Jorge Domingues Silvestre 
professor associado com agregação da Universidade de Aveiro 
 
Doutora Maria do Rosário Reis Marques Domingues 
professora auxiliar da Universidade de Aveiro 
 
Doutora Paula Cristina de Oliveira Rodrigues Pinto 
investigadora auxiliar da Faculdade de Engenharia da Universidade do Porto 
 
  
  
  
  
  
  
  
  
  
  
  
  
 
 
 
   
  
 
agradecimentos 
 
Os meus agradecimentos vão, em particular, para o Professor Doutor Armando 
J. D. Silvestre e Professor Doutor Carlos Pascoal Neto, pela excelente 
orientação científica, apoio incondicional e, principalmente, por toda a 
confiança que depositaram em mim. 
 
À Professora Doutora Maria Rosário Domingues, agradeço todo o apoio e 
entusiasmo que me deu ao longo destes anos e de forma incansável. 
Agradeço também a preciosa ajuda na espectrometria de massa.  
 
Gostaria de agradecer ao Professor Doutor Carlos Silva por todo o apoio na 
extração supercrítica e pela confiança que depositou em mim. 
 
À Doutora Paula Pinto faço um especial agradecimento por tudo o que me 
transmitiu no início deste trabalho, por toda a sua amizade e, acima de tudo, 
pela sua sempre boa disposição. 
 
À Doutora Carmen Freire agradeço todo o apoio, os conselhos e incentivos. 
 
Gostaria de agradecer ao Doutor Juan Jose Villaverde por todo o apoio, 
amizade e incentivo que me facultou, sempre de forma incansável. 
 
Ao grupo de espectrometria de massa do Departamento de Química da 
Universidade de Aveiro gostaria de fazer um especial agradecimento por toda 
a sua disponibilidade, em particular, ao Professor Doutor Pedro Domingues, 
pela preciosa ajuda com o HPLC. 
 
Gostaria de agradecer a todos os meus colegas de trabalho, aos dos “nossos” 
laboratórios e aos dos laboratórios ao lado, aos que ainda lá trabalham e aos 
que já foram. Todos tornaram todos estes anos tempos excecionais.  
 
Ao Ricardinho, à Carla, à Andreinha, ao Rui, à Lili, à Mónica, à Bi, à Gi e à 
Belinda, faço um especial agradecimento, por terem tornado todo este 
percurso muito mais fácil. 
 
A todos os que me ouvirem dizer infinitas vezes “Good morning, my name is 
Sónia…”, agradeço a enorme paciência. À Nor, ao Tiago, ao Fernando, à Vera, 
ao Ricardo, ao Nelson, à Vânia e à Joana, que de forma incansável sempre 
me apoiaram e animaram, faço um especial agradecimento. Agradeço, acima 
de tudo, por compreenderem tantas ausências. Ao João Paulo, agradeço o 
facto de me ter transmitido ao longo destes anos que com força de vontade 
nenhum obstáculo é suficientemente grande. 
 
Por último, mas não menos importante, agradeço à minha família, em 
particular aos meus pais e irmãos por todo o apoio e principalmente por 
compreenderem quando eu não pude estar. Agradeço especialmente ao 
Tiago, por inúmeras razões, entre as quais todo o incansável apoio, 
compreensão e, claro, muita paciência. 
 
 
   
 
 
 
 
 
 
 
 
 
 
  
palavras-chave 
 
Compostos fenólicos, Quercus suber L., cortiça, Eucalyptus globulus Labill., 
Eucalyptus grandis, Eucalyptus urograndis (Eucalyptus grandis x Eucalyptus 
urophylla), Eucalyptus maidenii, eucalipto, HPLC-MS, atividade antioxidante, 
extração supercrítica. 
 
resumo 
 
 
Em Portugal, as indústrias corticeira e de pasta de papel constituem um 
importante sector económico, contudo, gerando elevadas quantidades de 
subprodutos. Estes subprodutos poderiam ser explorados em aplicações de 
alto valor acrescentado, como fonte de compostos fenólicos, por exemplo, em 
vez de serem apenas queimados para produção de energia. Estes compostos 
são conhecidos pelas suas inúmeras propriedades, entre as quais, 
antioxidante, anti-inflamatória e anti-trombótica. 
Neste estudo as frações fenólicas da maior parte dos subprodutos gerados nas 
indústrias corticeira e de pasta de papel foram caracterizados em detalhe, com 
vista à sua valorização. A fração fenólica das cascas de Eucalyptus globulus, 
E. grandis, E. urograndis e E. maidenii, bem como da cortiça de Quercus suber 
e resíduos provenientes da sua exploração, nomeadamente, o pó de cortiça e 
os condensados negros, foi obtida por processos convencionais de extração 
sólido-líquido.  
No caso da casca de E. globulus, foi ainda avaliado o potencial de 
metodologias “verdes” no processo de extração de compostos fenólicos, 
usando extração com CO2 supercrítico. Esta técnica foi otimizada com recurso 
a metodologias de superfície de resposta.  
Na identificação e quantificação dos compostos fenólicos foi usada 
cromatografia líquida de alta resolução aliada a técnicas de espectrometria de 
massa. O teor de fenólicos totais foi ainda determinado pelo método de Folin-
Ciocalteu, essencialmente para efeitos comparativos. A caracterização da 
fração fenólica de cada extrato foi ainda complementada com a análise da 
atividade antioxidante, usando o radical 2,2-difenil-1-picrilhidrazilo (DPPH). 
Foram identificados trinta compostos fenólicos na casca de E. globulus, 17 
deles referenciados pela primeira vez como seus constituintes, nomeadamente 
os ácidos quínico, di-hidroxifenilacétic, cafeico e metil-elágico, bis-hexa-
hidroxidifenoil(HHDP)-glucose, galoil- bis-HHDP-glucose, galoil-HHDP-
glucose, isoramnetina—hexosídeo, quercetina-hexosídeo, ácido metil-elágico-
pentosídeo, miricetina-ramnosídeo, isoramnetina-ramnosídeo, mearnsetina, 
floridzina, mearnsetina-hexosídeo, luteolina e uma proantocianidina B. 
Neste trabalho, foi estudada pela primeira vez a composição fenólica das 
cascas de E. grandis, E. urograndis e E. maidenii. (cont.)  
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Treze, doze e vinte e quatro compostos fenólicos foram identificados nas 
cascas de E. grandis, E. urograndis e E. maidenii, respetivamente. Entre estes 
compostos encontram-se os ácidos quínico, gálico, metilgálico, 
protocatequínico, clorogénico e elágico, catequina, galoil-bis-HHDP-glucose, 
digaloilglucose, epicatequina, quercetina-glucoronídeo, di-hidroxi-
isopropilcromona-hexosídeo, isoramnetina-hexosídeo, ácido elágico-
ramnosídeo, taxifolina, quercetina-hexosídeo, di-hidroxi-
(metilpropil)isopropilcromona-hexosídeo, ácido metil-elágico-pentosídeo, 
miricetina-ramnosídeo, isoramnetina-ramnosídeo, aromadendrina-ramnosídeo, 
mearnsetina, mearnsetina-hexosídeo, eriodictiol, quercetina, isoramnetina e 
naringenina. A análise da fração fenólica da cortiça permitiu identificar vinte e 
dois compostos fenólicos, dez deles referenciados pela primeira vez como 
seus constituintes, nomeadamente, os ácidos quínico, salicílico, p-hidroxifenil-
lático e metilgálico, ácido carboxílico da brevifolina, eriodictiol, naringenina, um 
éster isoprenílico do ácido cafeico, isoramnetina-ramnosídeo e isoramnetina. 
No pó de cortiça industrial foram identificados dezasseis compostos fenólicos, 
nomeadamente os ácidos quínico, gálico, protocatequínico, cafeico, ferúlico, 
elágico e metilgálico, esculetina, ácido carboxílico da brevifolina, 
coniferaldeído, um éster isoprenílico do ácido cafeico, uma dilactona do ácido 
valoneico, ácido elágico-pentosídeo, ácido elágico-ramnosídeo, isoramnetina-
ramnosídeo e isoramnetina. Destes, apenas o ácido elágico foi previamente 
referenciado como componente do pó de cortiça. Do mesmo modo, treze 
compostos fenólicos foram identificados no condensado negro, doze deles 
referenciados pela primeira vez como seus constituintes. São eles os ácidos 
quínico, gálico, p-hidroxifenil-láctico, protocatequínico, p-coumarico, cafeico e 
elágico, vanilina, esculetina, coniferaldeído, um éster isoprenílico do ácido 
cafeico e o eriodictiol. 
A extração supercrítica de compostos fenólicos da casca de eucalipto permitiu 
não só verificar os parâmetros que afetam a qualidade e quantidade finais dos 
extratos, como também obter os valores ótimos para estes parâmetros. Esta 
extração mostrou ainda ser bastante seletiva para determinados grupos de 
compostos fenólicos, como as flavanonas eriodictiol e naringenina e para o 
flavonol O-metilado isoramnetina. 
Este é também o primeiro estudo envolvendo a determinação da atividade 
antioxidante de extratos da cortiça e dos resíduos da sua exploração, bem 
como da casca de E. grandis, E. urograndis e E. maidenii.  
A vasta gama de compostos fenólicos identificados em cada extrato analisado, 
assim como as prominentes atividades antioxidantes, todas na mesma gama 
de valores do bem conhecido antioxidante comercial, ácido ascórbico, são 
claramente um grande contributo para a valorização destes subprodutos 
industriais. 
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abstract 
 
In Portugal, the cork and the pulp and paper industries are important economic 
sectors, however, generating substantial amounts of by-products. These by-
products could be exploited in added value applications, rather than being 
simply burned for energy production, as, for example, as a source of the 
valuable phenolic compounds. These compounds are known by their 
innumerous properties, as antioxidant, anti-inflammatory or even anti-
thrombotic. 
In this study, the phenolic fractions of the most abundant cork and pulp 
industrial residues were characterised in detail, aiming at up-grading them. The 
phenolic fraction of the barks of Eucalyptus globulus, E. grandis, E. urograndis 
and E. maidenii as well as the cork from Quercus suber and the residues of its 
exploitation, namely, cork powder and black condensates, were obtained by 
conventional solid-liquid extractions.  
In the case of E. globulus bark, the potential application of green 
methodologies in the extraction of phenolic compounds was also evaluated, by 
using supercritical CO2 extraction. This approach was optimized by using 
surface response methodology. 
High-performance liquid chromatography coupled with mass spectrometry 
techniques were used in the identification and quantification of phenolic 
compounds. The total phenolic content was also accessed by the Folin-
Ciocalteu method, mainly for comparative purposes. The characterization of the 
phenolic fraction of each extract was also complemented with antioxidant 
activity measurements, by using the 2,2-diphenyl-1-picrylhydrazyl (DPPH) 
radical scavenging. 
Thirty phenolic compounds were identified as constituents of E. globulus bark, 
17 of them referenced for the first time, namely, quinic, dihydroxyphenylacetic, 
and caffeic acids, bis-hexahydroxydiphenoyl(HHDP)-glucose, galloyl-bis-
HHDP-glucose, galloyl-HHDP-glucose, isorhamentin-hexoside, quercetin-
hexoside, methyl-ellagic acid, methyl-ellagic acid (EA)-pentoside, myricetin-
rhamnoside, isorhamnetin-rhamnoside, mearnsetin, phloridzin, mearnsetin-
hexoside, luteolin and a proanthocyanidin B-type dimer.  
The phenolic composition of E. grandis, E. urograndis and E. maidenii bark was 
studied in this work for the first time. Thirteen, twelve and twenty four phenolic 
compounds were identified in E. grandis, E. urograndis and E. maidenii bark 
extracts, respectively. These compounds include quinic gallic, protocatechuic, 
chlorogenic and ellagic acids, methyl gallate, catechin, galloyl-bis-HHDP-
glucose, digalloylglucose, epicatechin, quercetin-glucuronide, dihydroxy-
isopropylchromone-hexoside, isorhamnetin-hexoside, ellagic acid-rhamnoside, 
taxifolin, quercetin-hexoside, dihydroxy-(methylpropyl)isopropylchromone-
hexoside, methyl-ellagic acid-pentoside, myricetin-rhamnoside, isorhamnetin-
rhamnoside, aromadendrin-rhamnoside, mearnsetin, mearnsetin-hexoside, 
eriodictyol, quercetin, isorhamnetin and naringenin. (cont.) 
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The analysis of the phenolic fraction of cork allowed to identify twenty two 
phenolic compounds, ten of them reported for the first times as its constituents, 
namely, quinic, salicylic and p-hydroxyphenyl-lactic acids, eriodictyol, 
naringenin, methyl gallate, brevifolin carboxylic acid, caffeic acid isoprenyl 
ester, isorhamnetin-rhamnoside and isorhamnetin. It were identified sixteen 
phenolic compounds in industrial cork powder, namely, quinic, gallic, 
protocatechuic, caffeic, ferulic and ellagic acids and methyl gallate, esculetin, 
brevifolin carboxylic acid, coniferaldehyde, caffeic acid isoprenyl ester, valoneic 
acid dilactone, ellagic acid-pentoside, ellagic acid-rhamnoside, isorhamnetin-
rhamnoside and isorhamnetin. From these, only ellagic acid was previously 
reported as constituent of cork powder. Likewise, thirteen phenolic compounds 
were identified on black condensate, twelve of them for the first time, namely 
quinic, gallic, p-hydroxyphenyl-lactic, protocatechuic, p-coumaric, caffeic and 
ellagic acids and vanillin, esculetin, coniferaldehyde, caffeic acid isoprenyl ester 
and eriodictyol. 
The supercritical extraction of phenolic compounds from E. globulus bark 
allowed to verify the parameters affecting the qualitatively and quantitatively the 
final extracts. The optimal conditions of those parameters were obtained. This 
technique showed to be selective to restrict classes of compounds, such as 
flavanones and O-methylated flavonols. 
This was also the first study involving the evaluation of the antioxidant activity 
of the phenolic extracts of E. grandis, E. urograndis and E. maidenii bark as 
well as of cork and the residues of their exploitation. 
The vast range of phenolic compounds identified in each vegetal source 
studied, as well as its outstanding antioxidant activities, all in the same range of 
the well known commercial antioxidant ascorbic acid, are, clearly, a contribute 
to the up-grading of these industrial by-products. 
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1.1 Biorefinery context 
Over the last years there is a large increase on the search of new solutions to the 
inevitable depletion of fossil resources, coupled with the growing interest on 
environmental concerns. These have been lead to an emerging research trend in the 
search of bio-based products, within the biorefinery concept [1-6]. 
1.1.1 Biorefinery concept 
“A biorefinery is a facility that integrates biomass conversion processes and equipment 
to produce fuels, power, and chemicals from biomass”- definition of biorefinery by the 
National Renewable Energy Laboratory [7]. There are many definitions of this term, 
however, all of them converging to the same goal: transform different biomass 
feedstock into useful products by using diverse technologies and processes [1, 4, 8]. 
Despite, in the last decade, this term has been widely used, this concept is not recent. 
The novelty is to use biomass (products from agricultural commodities) to produce a 
wide range of end-products (fuels, power, materials and chemicals), by using complex 
process as occurs in a petroleum refinery [8]. Ideally, a biorefinery should combine 
together chemical/biochemical and thermal conversion processes to convert biomass 
into a wide variety of products as well power for its own use and ideally for exportation 
to the network [8] Several biomass sources have been focused, such as wood and 
forest materials (lignocellulosics), agriculture crops and wastes, agro-food industries 
wastes or aquatic plants [1, 5]. 
1.1.2 Biorefinery classification 
Biorefineries have been classified into phase I, II and III biorefineries, according to the 
feedstock’s used [4, 8]. A phase I biorefinery has a fixed process capability, and uses 
only one feedstock as raw material. A dry-milling ethanol plant is an example of this 
type of biorefineries, which are already considered economically viable. A biorefinery 
plant, using also grain as feedstock, but with the capability to produce a range of end-
products, as the wet-milling technology, is classified as a phase II biorefinery. A phase 
III biorefinery, the most advanced and flexible, uses different types of feedstock’s and 
technologies and has the capability to produce various products, as chemicals and/or 
fuels [4, 8]. Currently three phase III biorefinery systems, classified according to their 
processed raw materials, have been object of research and development [1, 4]: 
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“Lignocellulosic feedstock biorefinery (LCF) – uses fibrous plants materials, such as 
wood, straw or corn stover, which are firstly fractionated into their main fractions 
(hemicelluloses, cellulose, lignin and extractives) and further converted into chemicals 
or fuels/energy; 
Whole-crop biorefinery – uses cereals, as rye or maize as raw material. This type of 
biorefinery uses the entire plant to produce useful products, materials and energy. The 
first step involves the separation of the seed from the straw. The seeds may be 
processed to yield starch or other wide variety of products, while straw is used as raw 
material in a LCF biorefinery; and 
Green biorefinery – uses natural-wet feedstock’s, as green plants and crops in a multi-
product system, which handle its fractions and products, according to the physiology of 
the plant material. 
The LCF biorefinery has shown to be the most promising as it has the potential to 
accommodate a wide range of raw materials at a competitive price (straw, reed, grass, 
wood, paper-waste, etc.) that can yield conversion products in both the traditional 
petrochemical-dominated and the future bio-based product markets [2]. Forests are 
clearly among the most important lignocellulosic sources, and the biorefineries can be 
developed based on current agro-forest industry facilities. One of the most discussed 
examples is the implementation of the biorefinery concept based on the existing pulp 
mills, producing added chemicals and other end-products from biomass residues and 
pulping waste streams, together with pulp and paper [2, 9-12]. 
1.1.3 Perspectives to the future 
There are several requirements to the successful development of biorefineries in the 
future. Specific attention should be given to the development and application of 
industrial biorefinery technologies to become technically and economically viable [3, 9]. 
Furthermore the biorefining technologies will have to compete with oil based 
technologies, which have been optimised along the last century [4]. One important 
aspect is related with the logistic of the flow of feedstock’s, being necessary to achieve 
ecological transport of biomass with reduced costs [1, 4]. However, one of the main 
drivers will be the use of sustainable and environmentally friendly principles, to 
separate, refine and transform biomass into energy, chemicals and materials. In fact, 
there is already a large research demand on the use of green chemical technologies in 
order to minimize the environmental footprints of the end-products [5, 9]. This 
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constitutes the main goal of the next generation biorefineries, in which the green 
chemistry will be a partner for a sustainable future. 
1.2 Portuguese agro-forest industries to exploit within the 
biorefinery context 
Portugal has in agro-forest industries one of the main economic sectors, with pulp and 
paper and cork industries playing a relevant position. Additionally, the pulp and paper 
industry is one of the most important industries in world; in fact about 300 million 
tonnes of paper and paperboard are produced worldwide every year [13]. Eucalyptus 
spp. are among the most important fiber sources for pulp and paper production [14], 
with around 19.5 million hectares of Eucalyptus spp. planted worldwide [15]. There are 
more than 600 species of Eucalyptus, however, only a few are relevant in terms of pulp 
and paper production. E. globulus is the predominant species planted in Portugal and 
Spain [16], while E. grandis, which has a tropical origin, is the main species planted in 
Brazil and South Africa [17]. Other species have been object of interest as raw material 
for pulp production, such as E. maidenii [18-20] and hybrids, as E. urograndis [21]. 
Cork, the outer bark of cork oak tree, Quercus suber L., is a unique material. Cork 
harvesting is a completely natural process, being cork a renewable, sustainable and 
biodegradable material. Furthermore, the cork oak forest has a great importance on the 
biodiversity of fauna and flora, being also defended that it has a key role on the 
protection of several endangered species [22]. Cork industry is one of the main 
economic sectors in Portugal. It corresponds about 1.7% of the employment and 1.8% 
of the gross value of production of the manufacturing sector [23]. Furthermore cork 
products are exported for more than 100 countries, representing about 158 000 tones 
of exports in 2010, which is equivalent to a value of 755 million Euros [22]. 
Both Eucalyptus pulping and cork industries generate substantial amounts of biomass 
residues, among which, bark, in pulp and paper industry, and cork powder and black 
condensate in cork industry, are the most abundant and are currently simply burned to 
produce energy. Therefore, the search for new applications is a key strategy in the up-
grading of these residues, within the above described biorefinery concept [8]. In fact, 
there has been an increasing interest in the exploitation of these industrial by-products 
as a source or precursors of value-added renewable compounds [24-29].  
The bark tissue of plants is rich in secondary metabolites, such as phenolic 
compounds, which have become in recent years one of the most studied groups of 
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natural components. Despite their numerous health benefits, one of the main interest in 
phenolic compounds is related with their antioxidant activity. The increasing interest in 
the extraction of phenolic compounds from biomass resources, and in particular from 
industrial by-products [30, 31], is related to two main goals: On one hand, as a way to 
up-grading industrial by-products and, on the other hand, as a response to the 
upcoming search to natural products. For instance, in the cosmetic industry, the current 
new trend is to return to the use of natural plant-derived products. 
Obviously, the exploitation of industrial by-products as sources of valuable phenolic 
compounds has to start by a detailed study of that fraction, with a special concern with 
the extraction methodologies and techniques of chemical composition analysis used. 
The conjugation of environmentally friendly extraction procedures with the valorisation 
of low value biomass residues is of great interest both in the economical and 
environmental perspectives. Thus, hand in hand with the search of phenolic 
compounds from agro-forest residues, the use of new sustainable extraction 
techniques is also a basic requirement. Among several others, supercritical fluid 
extraction is becoming an increasingly important process to extract high value 
compounds. Furthermore this technology could be considered as a first step in a 
biorefinery, allowing to obtain valuable secondary metabolites, without affecting the 
bulk structure of the biomass feedstock [5, 32].  
1.3 Aims and Scope 
The detailed study of the chemical composition of pulp and paper and cork industries 
by-products is a key step towards the implementation of strategies for the recovery of 
valuable components from these biomass residues. Despite some information have 
already been reported concerning the phenolic fraction of cork [33-35] and Eucalyptus 
globulus bark [36-38], a complete study, mostly applying novel extraction and 
characterisation techniques of identification, has not yet been carried out. 
In addition, no study has been done so far concerning the industrial cork by-products 
cork powder and black condensate, as well as, concerning barks from other important 
Eucalyptus species, such as E. grandis, E. urograndis and E. maidenii. 
Finally, to our knowledge, no study has explored environmentally friendly extraction 
techniques of phenolic compounds in these biomass resources regarding a future 
industrial application. In this context several objectives were defined for this thesis: 
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 To explore the advantages of high-performance liquid chromatography and mass 
spectrometry in the identification and quantification of phenolic compounds; 
 To select an appropriate method to analyse the antioxidant activity of the extracts 
obtained; 
 To characterise the phenolic fractions of E. globulus, E. grandis, E. urograndis and 
E. maidenii barks; 
 To optimise environmentally friendly extraction techniques, namely supercritical 
carbon dioxide (CO2) in the extraction of phenolic compounds from E. globulus 
bark; 
 To characterise the phenolic fraction of cork; 
 Finally, to characterise the phenolic fraction of cork powder and black condensate 
from the cork processing industry. 
1.4 Outline of this thesis 
This thesis is organized in six chapters.  
Following the introduction in Chapter 1:  
Chapter 2 is a review of the most relevant literature, which includes a description of the 
cork and pulp and paper industries, evidencing the by-products generated there. A 
general description of Eucalyptus bark and cork composition is also presented (Part A). 
The second part of this chapter describes the existing different families of phenolic 
compounds, the main health benefits attributed to them, as well as a compilation of the 
different methodologies and techniques used in the analysis of phenolic compounds 
from vegetal sources (Part B).  
Chapter 3 is divided in two parts. In Part A the study of the chemical composition of the 
phenolic fraction of E. globulus bark is presented. Two different conventional solid-
liquid extraction conditions were used, and the respective analysis, involving the use of 
two different mass spectrometry techniques. Part B of this chapter is focused on the 
optimisation of supercritical CO2 extraction of phenolic compounds from E. globulus 
bark. The optimal SFE conditions are also provided. The content of this chapter was 
adapted from two papers published in peer-reviewed journals. 
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Chapter 4 involves the study of the phenolic fraction of the bark from three other 
Eucalyptus species; E. urograndis, E. grandis and E. maidenii. The optimal solid-liquid 
extraction methodology achieved for E. globulus bark was applied here. Once more, 
the content of this chapter was adapted from a paper published in a peer-reviewed 
journal. 
Chapter 5 describes the characterisation of phenolic fraction of cork as well as of the 
industrial cork by products, cork powder and black condensate. This chapter was 
divided in two parts. Part A concerns the analysis of the phenolic fraction of Quercus 
suber cork, using a previously described extraction methodology. A second extraction 
methodology was also applied. In Part B the extraction methodology used in 
Eucalyptus barks was applied to cork and related by-products, namely industrial cork 
powder and black condensate. The content of this chapter was adapted from a 
published paper (Part A) and from a submitted manuscript (Part B), both in peer-
reviewed journals. 
The adaptation of these chapters from articles involved the standardization of the 
formatting and nomenclature. Some sentences and images were added, in order to 
clarify some aspects. In some of the chapters a conclusion part was also added, when 
it was not part of the original paper. 
Chapter 6 presents a general discussion of all the results obtained, representing not 
only a summary of the main results obtained as also a global comparative analysis of 
the different results. Final remarks and recommendations for future research activities 
are also presented in this chapter. 
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2.1 Cork and pulp and paper industries  
Portugal has in agricultural and forest domains one of the main economic sectors. 
Besides the dimension of the country, 39% of the area of Portugal is occupied by forest, 
corresponding about 3 500 000 hectares [1]. Most of this area is occupied by pine, cork 
oak and eucalyptus plantations (Figure 2.1). 
 
Figure 2.1 – Representative scheme of the forestry occupation by different tree classes in Portugal 
(source [1]) 
These trees are the main raw materials of two of the most important industries of the 
country: the cork and the pulp and paper industries. 
2.1.1 Eucalyptus and pulp and paper processing 
Pulp, mainly composed of cellulose fibers, is the raw material for paper production and 
has its origin mostly in plants and particularly in hardwood trees, due to its availability, 
growing feature and economical and technical factors. Between them, Eucalyptus species 
are the main fiber sources, due to their fast growing, short rotation periods and favourable 
pulping and bleaching ability [2]. Eucalyptus plantation areas cover about 19.5 million 
hectares worldwide [3]. Most of the planted eucalypts are from the subgenus 
Symphyomyrtus, sections Latoangulatae (E. grandis E. urophylla), Maidenaria (E. 
globulus, E. nitens) and Exsertaria (E. camaldulensis, E. tereticornis), including hybrids of 
some of these species [4]. 
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Eucalyptus globulus Labill. (Figure 2.2) is the main raw material for pulp and paper 
industries in Portugal and Spain [5]. There is about 672 000 hectares of E. globulus 
planted in Portugal, ranking the third in terms of forest area and representing about 31% 
of the world production of E. globulus [5].  
 
Figure 2.2 – Illustration of Eucalyptus trees, from left to right: E. globulus, E. grandis, E. urograndis 
and E. maidenii 
E. grandis (Figure 2.2) is the most cultivated specie for industrial purposes, particularly in 
South Africa and Brazil [2]. Due to its pulping, bleaching and papermaking properties, this 
specie is one of the main used as fiber source not only in those countries but also in 
Congo and China [6]. Furthermore, due to its genetic characteristics it is also commonly 
used in the development of hybrids. 
E. urograndis (Figure 2.2), which is a hybrid between E. grandis and E. urophylla, is 
produced in Brazil, being developed to conjugate the high density and superior pulp 
properties of E. urophylla wood and fast growing properties of E. grandis [7]. This 
demonstrates the increasing interest on the exploitation of Eucalyptus spp. as raw 
material for pulp production and papermaking in the South America. Actually, during the 
last 5 years, the eucalyptus forest area in Brazil has increased 5.3% per year, becoming 
the 6th world pulp producer in 2010 [8].  
E. maidenii (Figure 2.2) is, at the moment, not so commonly used as a fiber source for 
pulp production as others Eucalyptus species, however, its potential for forest developing 
and excellent pulp qualities has also been demonstrated [9]. In fact, several countries, as 
Argentina [10] or even China [11] have shown an increasing interest in to considerer E. 
maidenii fibers as an alternative raw material for pulp production.  
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The pulp industries generate substantial amounts of biomass residues, among which bark 
is the most abundant and is currently simply burned to produce energy. In the case of E. 
globulus, bark represents about 11% of the stem dry weight [12]. Thus, a pulp mill with a 
production capacity of 5.0x105 tonnes/year of bleached kraft pulp can generate around 
1.0x105 tonnes/year of bark, showing the enormous potential for the upgrading of this 
biomass residue. Apart from the bark residues produced in the mill, large amounts of 
other biomass residues such as leaves, branches and fruits, resulting from logging 
operations, are also burned in biomass boilers for energy production or are simply left in 
the forest for soil nutrition. 
2.1.2 Cork, cork oak and cork processing 
Cork is the outer bark of Quercus suber L. (Figure 2.3), which is a native tree from 
Mediterranean region, and occupies in Portugal about 23% of the forestry area, 
representing more than 700 000 ha [1, 13]. Due to its characteristic climate, dry summers 
and mild winters, Alentejo is the region with the highest cork oak forestland concentration 
(about 72% of the total area occupied by this species in Portugal) [13]. 
Q. suber is harvested at a minimum legal periodicity of 9 years [14]. The unique properties 
of this species are related with its capacity to regenerate bark, forming new cork layers. 
The first cork removing (virgin cork) is only made in trees with 15-30 years old, and each 
cork oak could reach about 200 years old. The higher quality of cork is only achieved after 
the third harvesting, from which the cork is called “amadia” grade   
Cork presents very interesting and unique properties, such as a low density (with values 
between 120 and 180 Kg m-3 for amadia grade), hydrophobic character, viscoelastic 
behaviour and thermal, acoustic and electric insulation properties [15-17]. 
Portugal is the main exporter of cork based products in the world (53%), resulting from the 
activity of about 700 industries of this sector, 75% of which located in Aveiro region (Santa 
Maria da Feira). 
The main products of the cork processing are the well-known cork stoppers (Figure 2.3) 
for wine and champagne bottles, representing about 40% of the production process [13]. 
However, due to its physical and mechanical properties described above, there are a 
large number of other cork applications. Several types of agglomerates, insulation cork 
boarding, flooring and walls coverings or rubber/cork based agglomerates are some of 
other products from cork processing [14, 16]. In the last decade there was also a high 
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demand for the use of cork for furniture, footwear, clothe and even some high-tech in 
aeronautics applications.  
 
Figure 2.3 – a) Cork oak forest, known as “montado” b) cork oak tree  c) cork planks d) cork 
stoppers (source [13]) 
During cork processing, several residues are generated, called industrial cork powder, 
black condensate and cooking wastewaters. A representative scheme of the industrial 
cork processing is illustrated in Figure 2.4. Cork powder, the most abundant cork by-
product, represents in Portugal about 34 000 ton per year [18]. This residue is generated 
during the trituration process to obtain cork granulates (Figure 2.4), which uses the wastes 
generated during the cork stoppers production, virgin cork and low quality amadia cork 
[16]. The low particle size of cork powder (less than 0.25 mm) do not allow its use in 
current industrial uses, even in the agglomerates production, which would entail the use of 
high amounts of adhesives to cope with its high specific area [16, 18]. 
Some studies were already developed concerning valorisation of industrial cork powder, 
such as in the production of composites [16] or in environmental adsorption technologies 
[19], however, none of these has been industrialized. Consequently, this residue has so 
far a low commercial value, being mostly used in the biomass boilers to produce energy 
[18]. 
Black condensate results from the insulation corkboard production process (Figure 2.4), 
which uses black agglomerates at high pressures and temperatures in the range of 250-
a) b)
c)
d)
Chapter 2 
 
21 
500 ºC without any adhesive [18]. During this process vapors are formed, which after 
cooling generate a waxy solid waste in autoclave pipes. This residue is collected 
periodically, in amounts of about 2 100 tonnes per year, being also burned to produce 
energy [18]. Cooking wastewaters, another cork residue, is obtained as a liquid effluent 
during the cooking of the cork in boiling water. 
 
Figure 2.4 – Representative scheme of the industrial cork processing (adapted from [16]) 
 
2.2 Cork and Eucalyptus bark composition 
2.2.1 General barks structure 
The bark, which protects the trees against physical and biological attacks, constitutes the 
outer part of woody stem, branches and roots and can be divided in inner and outer bark 
[20, 21]. The formation of bark is initialised by the cell division of cambium, where the 
growth of tree occurs. Here xylem is produced, in the woody side and phloem, also known 
as the inner bark. This is a narrow tissue in which the sap with carbohydrates moves up 
and down through sieve tubes and rays, transporting the nutrients between the leaves, 
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needles or roots and the stem and branches. The outer bark is a dead tissue, whose cells 
already existed in the inner bark [20, 22].  
The study of the chemical composition of barks is a complex task, due to its variability 
between tree species as within the morphological parts of the tree. The cell walls of bark, 
as in wood, are divided in structural and non-structural components (Figure 2.5). 
 
Figure 2.5 – General chemical composition of barks 
The structural components comprise polysaccharides (cellulose and hemicelluloses) and 
lignin. Cellulose is a linear homopolymer with glucose units linked by glycosidic bonds and 
could represent about 40-45% of the wood of most species, while in the bark this value 
decreases to around 20% [22]. Lignin confers rigidity and resistance to the impact and 
compression [20]. Furthermore bark has another structural component, suberin, which is 
not present in wood. This is composed by an aromatic-aliphatic cross-linked polyester, 
which plays an important role on thermal and hydric insulation of bark tissues [23]. 
The non-structural components of bark, which are soluble compounds, are divided into 
inorganic and organic components, known as ash and extractives, respectively. These 
components are generally present in higher amounts in bark than in wood [20]. The 
inorganic constituents (determined as ash) are metallic salts, predominantly of calcium, 
potassium and magnesium, while the extractives include aliphatic compounds (fatty acids 
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and alcohols and hydrocarbons), terpenic and phenolic compounds, among other families 
[20]. The role of these components in the tree is related to protection against herbivores or 
plagues attacks [24]. Therefore, apart from bark, this group of components can usually 
only be found along wood in the heartwood section [22]. 
2.2.2 Eucalyptus bark composition 
The chemical composition of the bark from E. globulus concerning the structural and non-
structural components has been object of a limited number of studies. The E. globulus 
bark composition (Table 2.1) varies among samples, which could be related with the 
different origins, age of the tree or morphological part from which the bark was harvested. 
Only recently the content of suberin of E. globulus bark was reported [25, 26], which is 
about 1%. Miranda et al. [27] reported that the cellulose content of E. globulus bark 
(56.0%) is quite similar to wood (56.9%). In fact, the main difference between the two 
tissues is the extractives content: the bark showed extractives content two times higher 
than wood [27]. Controversially, earlier Pereira et al. [28] have reported very similar 
extraction yield values for wood and bark (around 8%). 
 
Table 2.1 – Summary of the global chemical composition (%) of E. globulus, E. grandis and E. 
urograndis barks 
 Suberin Lignin Polysaccharides Extractives Ash Source 
 
 
 
E. globulus 
- 22.3 62.8 8.0 1.0 [28] 
- 16.7 62.5 12.4
a
 4.74 [29] 
1.0 22.3 67.2 7.2 12.8 [25] 
- 16.9 79.7 6.6 2.9 [27] 
 1.0 26.6 62.6 6.5 12.1 [26] 
E. grandis - 11.4 51.0 26.6 7.1 [30] 
E. urograndis - 16.9 50.8 25.8 4.1 [30] 
a 
sum of the extraction yields with n-hexane, ethanol, methanol and water 
 
It is worth mentioning the fact that the polar extractive components in E. globulus bark are 
more abundant than the non-polar components. Mirra [25] reported extraction yields of 
about 4.58% and 1.43% with water and ethanol solid-liquid extractions, respectively, while 
with dichloromethane only an extraction yield of 0.96% was achieved. Vázquez et al. [29] 
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also reported a low extraction yield with n-hexane (0.42%), whilst with polar solvents, such 
as water or a methanol/water mixture, the extraction yield reaches values of 6.80 and 
5.19%, respectively. A difference in the lipophilic content of the extractives components 
between the inner and outer bark of E. globulus was reported [31]. Concerning the 
inorganic non-structural components, Mirra [25] described a content of about 12.8%, 
however, most of the studies reported ash content values lower than 5% [27-29]. 
Information about the contents of structural and non-structural components of E. grandis, 
E. urograndis and E. maidenii barks is extremely scarce. In fact, only Bargatto reported, in 
his thesis [30], the global chemical composition of E. grandis and E. urograndis. Lower 
values of polysaccharides and lignin were achieved, comparing with E. globulus 
composition (Table 2.1). An extremely high value of extractives content was reported for 
these two species, 26.6% and 25.8% for E. grandis and E. urograndis, respectively [30]. 
Regarding the chemical composition of the bark from E. grandis, E. urograndis and E. 
maidenii, this is also largely an unexplored topic. In fact, only information concerning the 
lipophilic fraction of the non-structural extractives components, obtained with 
dichloromethane, has been found [32]. However, this information is enough to evidence 
the differences in the chemical composition between these species. Notwithstanding, 
variations in the lipophilic content between the inner and outer barks of those species 
have also been observed. E. maidenii, both in the inner and outer bark, has a higher 
lipophilic content than E. globulus [31], E. grandis and E. urograndis, with values of 2.6 
and 6.1%, respectively [32]. E. grandis and its hybrid E. urograndis have lipophilic 
extraction yields in the same range, with values in the inner bark of 0.3 and 0.5% and in 
the outer bark of 1.7 and 1.3%, in that order [32]. These two species present a lipophilic 
content in the outer bark higher than E. globulus, however, in the inner bark the values are 
similar [31, 32]. 
The extractives components of the bark of Eucalyptus spp., together with its colour, are 
the main responsible of the disadvantages in the use of this tissue of the tree in the pulp 
production [22].  
2.2.2.1 Polysaccharides 
Polysaccharides comprise mainly cellulose and hemicelluloses in woody materials. 
Cellulose is a linear macromolecule composed by β(1→4) linked  -glucopyranose units 
(Figure 2.6) [20, 23]. Cellulose contents range between 41.6 [29] and 54.9% [28] in E. 
globulus bark. 
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Figure 2.6 – Cellulose structure 
Hemicelluloses are heteropolymers composed by different monosaccharides (Figure 2.7), 
including pentoses (xylose, arabinose) and hexoses (glucose, mannose, galactose, 
rhamnose, glucuronic acid), sometimes with functionalities, such as methyl or acetyl 
groups. Furthermore, hemicelluloses have a degree of polymerization lower than cellulose 
and branched chains [20, 23]. 
 
Figure 2.7 – Polysaccharide repetitive monomers 
The polysaccharides content of E. globulus bark ranges between 62.5 [29] and 79.7% 
[27], being this fraction composed mainly by glucose and xylose (Table 2.2). Bargatto [30] 
reported the polysaccharides composition of E. grandis and E. urograndis with glucose 
contents of 77.6 and 76.4% and xylose contents of 16.9 and 18.9%, respectively (Table 
2.2). Taking the ratio between glucose and xylose as indicative of cellulose to 
hemicelluloses, there is a significative difference between the three species: a ratio about 
3 for E. globulus against 4.58 for E. grandis and 4.04 for E. urograndis. No information 
has been found about the polysaccharides content of E. maidenii bark. 
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Table 2.2 – Relative monosaccharides content (%) of E. globulus, E. grandis and E. urograndis 
barks 
Monosaccharides E. globulus E. grandis E. urograndis 
[29] [26] [30] [30] 
Glucose 70.4 68.4 77.6 76.4 
Mannose 1.4 1.9   
Galactose 3.6 3.3 2.3 1.8 
Rhamnose - 0.4 0.7 0.6 
Xylose 20.8 23.2 16.9 18.9 
Arabinose 3.7 2.7 2.2 2.0 
  
2.2.2.2 Lignin 
Lignin is a polyphenolic cross-linked and amorphous polymer built up from phenylpropane 
units, such as p-coumaroyl, coniferyl and synapil alcohols, which are linked by ether and 
carbon-carbon bonds (Figure 2.8). The aromatic core of these units is denominated by p-
hydroxyphenyl, guaiacyl and syringyl units, respectively [20]. 
 
Figure 2.8 – Lignin precursors 
The relative abundance of each unit is dependent of each species. To our knowledge, no 
study concerning the lignin composition of Eucalyptus spp. bark has been published so 
far. 
2.2.2.3 Suberin 
Suberin consists of a cross-linked amorphous polyester structure with long chain fatty 
acids, hydroxy fatty acids and phenolic compounds, linked by esters bonds [33, 34]. The 
detailed composition of the monomeric composition of suberin, as well as how the 
monomeric units are assembled at a macromolecular level, is not yet completely 
understood. Moreover, in the case of Eucalyptus bark, the analysis of suberin remains an 
unexploitable field. Actually, only recently the suberin content for E. globulus bark was 
reported [26, 27] and corresponds to a particularly lower value of the bark composition 
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(about 1%). However, Freire et al. [31] detected several fatty acids and alcohols as well as 
ω-hydroxy fatty acids, most of them with more than 20 carbon atoms, after an alkaline 
hydrolysis of dichloromethane extracts of E. globulus bark. It was reported that the 
presence of these esterified components could be related to the suberin-type structure 
[31]. In the same way, it was verified that 67% of fatty acids and 50% of aliphatic alcohols 
detected in the dichloromethane extracts of E. grandis, E. urograndis and E. maidenii 
outer barks are in esterified forms [32]. 
2.2.2.4 Inorganic components 
The analysis of inorganic components of vegetal sources is done after the combustion of 
the material and commonly by elemental analysis. Miranda and co-workers [26] detected 
high amounts of zinc, chromium and nickel in the ash fraction of E. globulus bark.  
To our knowledge, no study has been reported concerning the analysis of inorganic 
components of E. grandis, E. urograndis and E. maidenii. 
2.2.2.5 Extractives 
The extractives fraction of E. globulus bark can be divided mainly into a lipophilic and 
phenolic fraction. The lipophilic fraction is commonly extracted with dichloromethane and 
is composed by fatty acids, aliphatic alcohols, triterpenic compounds and sterols. 
Freire et al. [31] analysed the lipophilic fraction of E. globulus, comparing the inner and 
outer fractions of bark. Outer bark presents lipophilic extractive contents about nine times 
higher than the inner bark. The outer fraction of E. globulus bark extractives is particularly 
rich in triterpenic compounds and mostly in triterpenic acids, such as ursolic, betulinic and 
oleanolic acids (Figure 2.9) [31]. Domingues et al. [35] reported a triterpenic content of the 
surface layers of E. globulus bark of about 32.3 g Kg-1. Outer bark also contains 
sesquiterpene type compounds. Furthermore, Yun et al. [36] also reported the existence 
of monoterpenes in E. globulus bark. 
Inner bark is particularly rich in sterols, among which β-sitosterol (Figure 2.9) and β-
amirine are the major compounds [31, 37]. Fatty acids and alcohols are minor 
components of both inner and outer barks, being palmitic (Figure 2.9), oleic and linoleic 
acids and docosanol (Figure 2.9), tetracosanol and hexacosanol the main components of 
these families  Furthermore, α-hydroxy fatty acids, such as 2-hydroxypentacosanoic 
(Figure 2.9) and 2-hydroxytetracosanoic acids, are also present in the extractives from 
both inner and outer barks of E. globulus [31]. 
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Figure 2.9 – Major lipophilic components of E. globulus bark 
The lipophilic composition of E. grandis, E. urograndis and E. maidenii barks has also 
been studied [32]. Triterpenic acids (ursolic, oleanolic and linoleic acids) are, like for E. 
globulus, the major components of the outer barks of these species. However, these 
compounds are in lower amounts than in E. globulus. β-sitosterol is also present in high 
amounts, followed by minor quantities of fatty acids and long chain aliphatic alcohols. The 
inner barks of these two species also present high amounts of triterpenoids and sterols. In 
opposition, the lipophilic fraction of both the inner and outer barks of E. maidenii is mostly 
composed by monoterpenes and sesquiterpenes [32]. 
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The other important group of extractives of Eucalyptus bark mentioned above 
corresponds to phenolic compounds. These are aromatic compounds with hydroxyl 
groups, and, according to their structure, can be divided in several families, such as 
phenolic acids and aldehydes, cinnamic acids, flavonoids, condensed and hydrolysable 
tannins, among others. A detailed description of the structural characteristics of each 
group of compounds is done in the part B of this chapter. 
Most of the studies concerning the analysis of phenolic fraction of E. globulus bark have 
been carried out using a methanol:water mixture as extraction solvent [38]. Extractions 
with methanol [39] or alkaline solutions [40] were also applied. It is already known that the 
phenolic fraction of E. globulus comprises a wide range of compounds (Table 2.3). 
Ellagic, gallic and protocatechuic acids (Figure 2.10) are reported to be the major phenolic 
acids present in E. globulus bark [38]. This tissue of E. globulus also presents high 
amounts of flavonoids, among which eriodictyol and taxifolin (Figure 2.10) are the major 
components. However, the main fraction of phenolic compounds in E. globulus bark is 
described to correspond to ellagitannins [38, 41]. Ellagitannins, which belong to 
hydrolysable tannins class of phenolic compounds, are polyphenols with a carbohydrate 
core linked to complex derivatives of ellagic acid. Several methyl and glycosyl derivatives 
of ellagic acid (Figure 2.10) have been detected in methanol extracts of E. globulus bark 
[39, 42]. 
The presence of several gallotannins in E. globulus bark has also been described. 
Gallotannins are analogous to ellagitannins but with the carbohydrate core linked to gallic 
acid units. Gallotannins from monogalloylglucose (Figure 2.10) to tetragalloylglucose were 
detected in E. globulus bark [40]. Conde and co-workers reported that E. globulus is 
characterised also by the presence of high amounts of proanthocyanidins [43], which are 
polymers composed of catechin units (Figure 2.10). In fact, Yazaki and Hills have already 
described the presence of catechin like polymers in E. globulus bark [39].  
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Table 2.3 – Phenolic compounds previously identified in E. globulus bark extractives 
Phenolic compounds Source 
Pyrogallol [44] 
Protocatechuic aldehyde [38, 41] 
Protocatechuic acid [38, 41] 
Vanillic acid [38, 41] 
Gallic acid [38, 39, 41, 44] 
Methyl gallate [36] 
Apigenin [41] 
Naringenin [38, 41] 
Eriodictyol [36, 38, 41] 
Catechin [36, 39, 40, 44] 
Epicatechin [40] 
Ellagic acid [38-41, 44] 
Quercetin [36, 38, 41] 
Taxifolin [36, 38, 41] 
Trimethylellagic acid [44] 
Chlorogenic acid [39] 
Pinoresinol [36] 
Rhamnetin [36] 
Isorhamnetin [40] 
Rhamnazin [36] 
Engeletin [36] 
Gallocatechin [39] 
Quercetin-3-O-rhamnoside [40] 
Galloyl-glucose [40] 
Digalloyl-glucose [40] 
Trigalloyl-glucose [40] 
Tetragalloyl-glucose [40] 
3-methylellagic acid-rhamnoside [39] 
3-methylellagic acid-glucoside [39] 
3-O-methylellagic acid 3’-O-α-rhamnopyranoside [42] 
3-O-methylellagic acid 3’-O-α-2’’-O- α-acetylrhamnopyranoside [42] 
3-O-methylellagic acid 3’-O-α-3’’-O- α-acetylrhamnopyranoside [42] 
3-O-methylellagic acid 3’-O-α-4’’-O- α-rhamnopyranoside [42] 
3,4,5-trimethoxyphenol 1-O-β-D-(6'-O-galloyl)glucopyranoside [36] 
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Figure 2.10 – Major phenolic compounds previously identified in E. globulus bark extractives 
To our knowledge, there is no information about the phenolic fraction of E. grandis, E. 
urograndis and E. maidenii barks. 
2.2.3 Cork composition 
Contrary to Eucalyptus bark, the composition of Q. suber bark has been extensively 
studied, mainly due to the numerous applications of this bio-resource. Furthermore, the 
unique properties of cork are due to its unusual cellular structure and its chemical 
composition. Its structure consists of stacked base-to-base columns of hollow polyhedral 
prismatic cells, filled with an air-like gas. The cells wall thickness varying between 1-1.5 
µm in early cork to about 2 µm in late cork. [15]. The cellular structure of cork is made up 
of an internal primary wall rich in a thin layer of lignin, a thick secondary wall of alternating 
suberin and waxes and a tertiary layer of polysaccharides [15]. The relative abundance in 
which these components appear in the cork cells constitution is quite variable. 
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Several factors may influence the cork chemical composition, such as cork quality, 
geographical origin or morphological part of the tree from which cork was harvested [45]. 
There are also differences between virgin and reproducing cork [46]. Several studies were 
already reported concerning the chemical composition of cork. The average composition 
reported in the literature is summarised in Table 2.4. Suberin is among the most abundant 
component of cork. In fact, Q. suber is part of the restricted group of suberin rich species 
[16, 47], being this in the basis of several studies that have been done, exploiting this 
particularity of cork [48-50]. 
The cork cell walls are also constituted by the already mentioned non-structural 
components, not chemically linked, which can be easily removed by solvents [15, 16]. In 
general, the extractives content of virgin cork is higher than that of reproduction cork 
(Table 2.4). 
Lipophilic and phenolic compounds, which can be extracted with non-polar and polar 
solvents, respectively, are the main components of cork extractives and the proportion in 
which they appear in cork composition is also variable [15, 16]. Castola and co-workers 
[51] reported an extraction yield of 6% for a dichloromethane extraction, while Sousa et al. 
[52] only achieved a value of 3.6%. Conde et al [53] also reported quite variable extraction 
yields (4.67-8.14%), between cork oak trees from different regions of Spain, using 
chloroform as solvent. 
Extraction with polar solvents also showed to depend of the geographical origin of cork 
oak tree [54]. Extraction yield values ranging between 1 and 6.5% were achieved by using 
a mixture of methanol:water as extraction solvent [54, 55], while for the extractives soluble 
in ethanol and water were reported values of 4.8 and 4%, respectively [16].  
The interest in the analysis of the phenolic fraction of cork is primarily associated to the 
potential migration of these compounds from cork stoppers to wine after bottling, with 
impact on its organoleptic properties [56-58]. Finally, the ash content of cork ranges 
between 0.5 and 4% and 0.7 and 5% for amadia grade and virgin cork, respectively 
(Table 2.4). 
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Table 2.4 – Summary of the chemical composition (%) of cork (adapted from [15]) 
Suberin Lignin Polysaccharides Extractives Ash Source 
Virgin cork 
45 21 13 19 1.2 [59] 
38.6 21.7 18.2 15.3 0.7 [45] 
35.2 22.4 21.3 16.9 0.9 [16] 
45 27 12 10 5 [60] 
Reproduction cork (amadia grade) 
50 19 13 15 3 [61, 62] 
37 14.8  15.8  [63] 
33.5 26 26 13 2.5 [59] 
33 13 6 24  [46, 64] 
42 21.5 16 13  [18] 
62 23 21 11  [65] 
39.4 24.0 19.9 14.2 1.2 [16] 
48 29 12 8.5 2.1 [60] 
33 33 23 9 4 [47] 
41.3 13.4 7.4 19.8 0.5 [66] 
 
2.2.3.1 Polysaccharides 
After suberin and lignin, polysaccharides represent the most important component of the 
cork cell walls, conferring them structural rigidity [15]. Polysaccharides are composed 
mainly by cellulose, which represents about 51.9% of this fraction, and hemicelluloses 
[47]. The cork monosaccharides composition identified after hydrolysis consists mostly of 
glucose and xylose and lower amounts of arabinose, galactose, mannose and rhamnose 
(Table 2.5) [16]. Differences between virgin cork and amadia grade cork have been also 
detected. The last one has contents of arabinose and galactose higher than those of virgin 
cork, while the contents of the other monosaccharides are lower (Table 2.5). 
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Table 2.5 – Relative monosaccharides content (%) of virgin and amadia grade cork (adapted from 
[16]) 
Monosaccharides virgin cork amadia grade cork 
Glucose 50.7 45.4 
Xylose 34.0 32.3 
Arabinose 6.4 13.2 
Galactose 3.6 5.1 
Mannose 3.7 3.2 
Rhamnose 1.7 0.8 
 
Pinto and co-workers [47] also identified the monosaccharide composition of the non-
cellulosic monosaccharides, identifying xylose as the main monomeric sugar, indicating 
the presence of xylans, followed by arabinose and 4-O-methylglucuronic acid. In fact, 
Asensio [67-69] identified three hemicelluloses in cork: a xylan, reported as hemicellulose 
A, composed by xylose with β(1-4) glycosidic linkages and 4-O-methylglucuronic acid in 
the position 2 of xylose [67]; another xylan (hemicellulose B-1) composed by xylose, 4-O-
methylglucuronic acid, arabinose, galactose, mannose and glucose [68]; and a third 
hemicellulose (B-2) composed by xylose, arabinose, glucose, galactose, 4-O-
methylglucuronic acid and rhamnose [69]. 
2.2.3.2 Lignin 
Lignin, the second major component of cork cells, plays an important role on their 
structure, and, in fact, after its extraction the cells collapse [16]. This fraction of Q. suber 
cork is not fully understood. It has been reported that the lignin from cork as in Q. suber 
wood is of guaiacyl-type [16, 70, 71]. Several studies have been also carried out in order 
to understand the linkage between lignin and suberin [72, 73]. It was proposed that the 
aliphatic domain of suberin is separated from lignin, but interconnected by ester bonding 
with dicarboxylic and hydroxyfatty acids [15]. Furthermore, in cork, lignin also establishes 
linkage with hemicelluloses, resulting in lignin-carbohydrates complexes [16].  
2.2.3.3 Suberin 
The macromolecular composition of suberin, the main component of the cell walls of cork, 
is not completely established. However, it is known that suberin is an amorphous 
aliphatic-aromatic cross-linked polyester, being composed, mainly, by long chain aliphatic 
ω-hydroxyacids, α,ω-dicarboxylic acids, glycerol and phenolic compounds (Figure 2.11) 
[15, 48, 49]. It is impossible to remove suberin from cork cell walls without chemically 
degrading it. 
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Figure 2.11 – Main monomeric components of suberin (adapted from [48]) 
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Suberin depolymerisation has been carried out by alkaline hydrolysis or methanolysis [74-
76], generating mostly -hydroxyfatty acids (26.3-61.7%), -dicarboxylic acids (6.1-
53.3%), fatty acids (1.0-14.9%), with smaller amounts of long chain aliphatic alcohols (0.4-
8.3%) and aromatic compounds (0.1-7.9%) [48]. Acids are characterised by the 
predominance of the C18 followed by C22 homologues and some of those can be 
functionalized in the middle of the chain by insaturations, vicinal di-hydroxy or epoxide 
groups (Figure 2.11) [48, 49]. Ferulic acid (Figure 2.11) is, in most of the cases, the 
compound detected in the aromatic fraction of cork suberin [74-76]. 
2.2.3.4 Inorganic components 
The inorganic components of cork consist mainly by calcium (about 60%) and by lower 
contents of phosphorus, sodium, potassium and magnesium [16]. 
2.2.3.5 Extractives 
Cork extractives can be divided in lipophilic (aliphatic and terpenic compounds) and 
phenolic compounds. 
Aliphatic compounds in cork include n-alkanes, fatty acids and alcohols, glycerol and 
some triglycerides. The composition of this fraction of cork shows to be quite variable. 
Bescansa-Lopéz and Ribas-Marqués [77] reported the existence of about 0.6% of n-
alkanes (C16-C34) in cork. Aliphatic alcohols represent about 1% of cork and comprise, 
mostly, the even members between C18 and C26 and in some cases with unsaturated 
groups (C20 and C21).  
 
Figure 2.12 – Major aliphatic compounds in Q. suber cork 
Both saturated and unsaturated fatty acids were identified in chloroform extracts of cork, 
all of them are even members between C16 and C24 [53, 78]. Some ω-hydroxyacids were 
also identified in cork extractives. Fatty acids represent about 0.85% of cork [78]. 
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Docosanol, docosanoic acid and 18-hydroxy-9,12-octadecadienoic acids (Figure 2.12) are 
the main compounds from, respectively, the aliphatic alcohols, fatty acids and ω-
hydroxyacids families present in cork [53, 77, 78]. 
About 50% of the lipophilic components in cork correspond to triterpenic compounds [15]. 
This fraction of cork extractives is composed mainly by friedelin, cerin, betulin and 
betulinic acid (Figure 2.13). Sousa et al. [52] reported that cerin is the major triterpenic 
compound in dichloromethane extracts from cork, followed by betulinic acid and friedelin. 
Castola and co-workers [51] have reported that friedelin can represent about 21% of a 
cork dichloromethane extract.  
 
Figure 2.13 – Major triterpenic compounds in Q. suber cork 
The lipophilic fraction of cork extractives contains also lower amounts of sterols, such as 
β-sitosterol (Figure 2.13) and other friedelane and lupane type coumpounds [51, 52].  
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Different phenolic compounds have been identified in Q. suber L. cork (Table 2.6). These 
compounds are commonly extracted from cork with methanol:water mixtures [54, 55, 79] 
or with wine model solutions [58, 80].  
Phenolic acids have been reported as the main components of phenolic fraction of cork, in 
which ellagic, protocatechuic and vanillic acids (Figure 2.14) are among the major 
components. In fact, cork is particularly rich in ellagic acid (Figure 2.14), with contents 
ranging between 111 and 327 µg g-1 of dry cork [54]. High contents of ellagitannins, in 
particular of castalagin (Figure 2.14), were also reported [54, 79]. 
 
Figure 2.14 – Main phenolic compounds identified in Q. suber L. cork extractives 
Several other phenolic oligomeric structures were also identified in cork from Q. suber, 
with a wide variety of gallic and ellagic acid derivatives [80]. It is estimated that 90% of 
phenolic fraction of cork is composed by tannins [16]. 
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Table 2.6 – Phenolic compounds identified in Q. suber cork extractives 
Phenolic compounds Source 
Benzoic acid [58] 
4-hydroxybenzoic acid [58] 
Protocatechuic aldehyde [54, 55, 80, 81] 
Vanillin [54, 55, 58, 80, 81] 
Protocatechuic acid [54, 55, 80, 81] 
p-coumaric acid [58] 
Acetovanillone [58] 
Gallic acid [54, 55, 80, 81] 
Esculetin [54, 55, 81] 
Coniferaldehyde [54, 55, 80, 81] 
Vanillic acid [54, 55, 81] 
Caffeic acid [54, 55, 58, 80, 81] 
Syringaldehyde [58, 81] 
Scopoletin [54, 55, 81] 
Ferulic acid [54, 55, 58, 80, 81] 
Sinapaldehyde [54, 55, 81] 
Ellagic acid [54, 55, 80, 81] 
Ellagic acid-pentoside [80] 
Ellagic acid-deoxyhexoside [80] 
Ellagic acid-hexoside [80] 
Valoneic acid dilactone [80] 
Hexahydroxydiphenoyl(HHDP)-glucose [80] 
Valoneic acid [80] 
Dehydrated tergallic-C-glucoside [80] 
HHDP-galloyl-glucose [80] 
Trigalloyl-glucose [80] 
di-HHDP-glucose [80] 
HHDP-digalloyl-glucose [80] 
Tetragalloyl-glucose [80] 
Vescalagin [79, 80] 
Castalagin [79, 80] 
Di-HHDP-galloyl-glucose [80] 
Trigalloyl-HHDP-glucose [80] 
Pentagalloyl-glucose [80] 
Grandinin [79] 
Monogolicain A/B [80] 
Roburin A/E [79] 
 
Lower amounts of cinnamic aldehydes, such as coniferaldehyde (Figure 2.14) and 
coumarins, such as scopoletin (Figure 2.14) [54, 55] have been also found in cork 
extracts. The relative abundance of each component shows to be variable with the 
geographic origin of cork oak tree [54]. 
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2.3 Phenolic compounds 
Phenolic compounds constitute one of the most numerous and widespread group of plant 
secondary metabolites [82]. Thousands of phenolic compounds have been identified in 
edible and non-edible vegetal sources. These secondary metabolites are important to 
normal plant growth and development, and provide a defence mechanism against 
infection and injury [24]. The presence of phenolic compounds also may have an 
important function on the oxidative stability and microbial safety of injured plants [83]. 
Furthermore, these compounds are part of both animal and human diet with recognized 
beneficial effects at nutritional and health levels [84]. 
2.3.1 Phenolic compounds structures and classification 
Phenolic compounds have as a common molecular base, a hydroxylated benzene ring 
(phenol). The structure of these compounds can vary between simple phenolic molecules 
up to complex polymeric compounds, with molecular weights higher than 30000 Da [84]. 
These compounds can be classified into different subgroups, depending on the functional 
groups attached to the phenolic unit [85]. A classification based on the number of carbons 
on the molecule was adopted by Harborne and Simmonds [86] and is presented in Table 
2.7. 
After lignin, which is the second most abundant biopolymer on Earth [85], phenolic acids 
and aldehydes, cinnamic acids, coumarins and chromones, benzophenones, xanthones 
and stilbenes, flavonoids and tannins are the more common phenolic compounds found in 
vegetal sources and will be focused in this bibliographic review:  
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Table 2.7 – Classification of phenolic compounds (adapted from [86]) 
Structure Class 
C6 simple phenolic compounds 
C6–C1 phenolic acids and related compounds 
C6–C2 acetophenones and phenylacetic acids 
C6–C3 cinnamic acids, cinnamyl aldehydes, cinnamyl alcohols 
C6–C3 coumarins, isocoumarins and chromones 
C15 flavonoids 
C30 biflavonyls 
C6–C1–C6, C6–C2–C6 benzophenones, xanthones and stilbenes 
C6, C10, C14 quinones 
C18 betacyanins 
Lignans, neolignans dimer or oligomers 
Lignin polymers 
Tannins oligomers or polymers 
Phlopaphenes polymers 
 
 
2.3.1.1 Phenolic acids and aldehydes 
These compounds are characterised by having, respectively, a carboxylic or an aldehyde 
group substituted on a phenolic structure. Gallic, protocatechuic and vanillic acids and 
vanillin (Figure 2.15) are common examples of this class of compounds [84]. 
 
Figure 2.15 – Structures of some phenolic acids and aldehydes 
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2.3.1.2 Cinnamic acids 
Cinnamic acids have a C6–C3 skeleton, being p-coumaric, caffeic, ferulic and sinapic acids 
the most abundant cinnamic acids found in plants (Figure 2.16). This class of compounds 
is also commonly found as esters of quinic or shikimic acids, as in the case of chlorogenic 
acid. Cinnamic acids are present in almost all plants, being dispersed through them in the 
seeds, leaves, stem and roots [87, 88]. 
 
Figure 2.16 – Structures of some cinnamic acids 
 
2.3.1.3 Coumarins, isocoumarins and chromones 
Coumarins, also C6–C3 structures, are products of the cyclization of cinnamic acids, 
having an oxygen heterocycle in the C3 unit. Cyclization of o-coumaric, p-coumaric, 
caffeic, and ferulic acids will result in coumarin, umbelliferone, esculetin, and scopoletin, 
respectively (Figure 2.17). It is estimated that more than 1000 coumarins have been 
identified from natural sources [89]. 
 
Figure 2.17 – Structures of some coumarins 
Isocoumarins (Figure 2.18) are similar to coumarins, but the position of the oxygen and 
carbonyl groups are inverted [85]. 
Chromones also have a C6–C3 structure with a ben oannelated γ-pyrone ring (Figure 
2.18). There is a large number of chromones and their derivatives identified in natural 
sources [90]. Flavones and isoflavones (described below) are 2- and 3-phenyl chromones, 
respectively. 
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Figure 2.18 – Structures of some a) isocoumarins and b) chromones 
 
2.3.1.4 Benzophenones, xanthones and stilbenes  
Benzophenones and xanthones present a C6–C1–C6 structure. The intramolecular 
cyclization of benzophenones generates xanthones. Stilbenes have a C6–C2–C6 skeleton. 
The role of stilbenes in plants is related to its anti-fungal activity and protection against 
UV-induced oxidative stress. Furthermore stilbenes are found in wood and bark of several 
nematode-resistant species due, in particular, to its nematicidal activity [91]. Iriflophenone, 
calophyllin B and resveratrol are common examples of benzophenones, xanthones and 
stilbenes from natural sources, respectively (Figure 2.19). 
 
Figure 2.19 –Structures of, from left to right, iriflophenone, calophyllin B and resveratrol 
 
2.3.1.5 Flavonoids  
Flavonoids comprise the largest class of phenolic compounds, which have a 15-carbon 
(C6–C3–C6) diphenylpropane skeleton. The 15-carbon backbone consists of two aromatic 
rings, ring A and ring B, which are attached by a three carbon chain (C3). Differentiation 
between flavonoids is based on the structure of the C3 group and its level of oxidation [92]. 
If the C3 group is part of a pyranic heterocycle (C-ring), the phenolic classes will be 
classified as flavones, isoflavones, flavonols, flavan-3-ols, flavan-3,4-diols, flavanones, 
and anthocyanidins (Figure 2.20).  
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Figure 2.20 – Generic structure of the main flavonoid classes 
Chalcones and dihydrochalcones (Figure 2.20) represent the second largest group of 
flavonoids. These compounds have an open C3 chain linking the two aromatic rings, with 
a double bond in the case of chalcones and saturated in the case of dihydrochalcones. 
Aurones, which are products of the cyclization of chalcones, have a five-membered ring 
instead of the more common flavonoids [92].  
Despite the large variety of aglycones present in plants, kaempferol, quercetin, myricetin, 
apigenin, luteolin and anthocyanidins (Figure 2.21) are among the most common and 
frequently appear connected with sugar moieties [92]. 
 
Figure 2.21 – Structures of the main flavonoid aglycones 
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Flavonoids also occur in vegetal sources in a combined form as glycosides, which can 
contain either O- or C- bonds. The sugar units vary between glucose, galactose, xylose, 
arabinose and rhamnose. The function of flavonoids and their glycosides in plants is 
related to the protection against UV-B radiation and against microbial invasion [93]. 
Anthocyanins (glycosides of anthocyanidins) are also responsible to the colour of flowers 
and fruits [92, 93]. The colour can range from yellow to purple, depending of several 
factors, such as the pH, the type of aglycone or even the extent of glycosilation [92]. 
2.3.1.6 Tannins 
Tannins are phenolic compounds characteristic of higher plants and can be found in the 
bark, fruits or leaves of those vegetal sources. These compounds protect the plant against 
infection, insects or herbivory [94, 95]. Tannins include phenolic compounds with a wide 
structural diversity and can be classified as condensed, hydrolysable and complex tannins 
[96]. This classification is represented in the scheme of Figure 2.22. 
Figure 2.22 – Classification of tannins (adapted from [96]) 
Condensed tannins, also known as proanthocyanidins, are polymers of flavan-3-ol 
(catechin) units linked by C-C bonds. These compounds can have a galloyl moiety linked 
to the hydroxyl group at C-3 of each catechin unit (Figure 2.22) [96]. These compounds 
are well known components for example of red wine [94, 96], being astringency one of 
their main characteristics, due to their ability to complex and precipitate proteins [94, 96, 
97]. This capacity increases with the degree of polymerization [96]. 
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Hydrolysable tannins are divided into gallotannins and ellagitannins. Gallotannins have a 
carbohydrate core, mostly glucose, substituted with up to 12 gallic acid residues, bond to 
the core through ester functionalities. Furthermore, the gallic acid residues can be 
attached between them by meta- or para-depside bonds. [85, 94] 
Ellagitannins are derived from pentagalloylglucose, with additional C-C bonds between 
adjacent galloyl moieties, which forms a hexahydroxydiphenoyl (HHDP) unit [96]. 
Complex tannins are compounds in which a catechin molecule is connected with 
gallotannins or ellagitannins units by a glycosidic bond [96]. 
2.3.2 Phenolic compounds properties 
The properties assigned to phenolic compounds are almost endless and, in recent years, 
there was a large increase on the search of the health benefits of these compounds [98, 
99]. One of the main factors which leaded to the large interest on the characterisation of 
phenolic compounds from natural sources and evaluation of their health beneficial effects 
was the search for the phenolic compounds responsible for the well known dietary and 
medicinal properties of some plant species [100]. In addition, these studies were 
encouraged by the development of powerful separation and characterisation technologies 
in the last decade. Actually, the evolution of publications about the phenolic compounds 
properties along the last decade increased more than six times (Figure 2.23). 
 
Figure 2.23 – Evolution of the number of publications in the last decade concerning the keywords 
in topics search:“phenolic compounds” and “activity” (I I – Web of knowledge, 2012 October) 
Despite the numerous chemical, biological and pharmacological properties assigned to 
phenolic compounds their most explored property is the antioxidant activity [101-105]. 
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Additionally, many studies have reported the positive effect of phenolic compounds 
against some currently important diseases. Hassan Khan and Ather [106] showed that 
several phenolic compounds exhibit inhibitory effects against several steps of HIV-1 life 
cycle. Gallic acid has shown promising properties as antimelanogenic agent [107]. 
Excellent inhibitory effects for epigallocatechin-3-gallate and curcumin in the amyloid fribril 
formation have been found [108]. Zhang et al. [109] reported the inhibition of the growing 
human oral, colon and prostate cancer cells by some phenolic compounds isolated from 
strawberry extracts, including ellagic acid and anthocyanins. Some authors also have 
reported the promise of tannins as being used on the treatment of non-insulin dependent 
diabetes mellitus, due to their capacity to enhance glucose uptake and inhibit 
adipogenesis [110]. Table 2.8 summarizes some of the main health benefits reported for 
phenolic compounds, according to their classes. 
 
Table 2.8 – Summary of some of the health benefits of the different classes of phenolic compounds 
Group Activities Source 
Phenolic acids 
and related 
compounds 
Antioxidant [103] 
Antimelanogenic [107] 
Antiproliferative [111] 
Antimicrobial [112] 
Cinnamic acids Antioxidant [113] 
Anti tuberculosis; Antidiabetic; Antioxidant;Antimicrobial; Hepatoprotective; 
Anticholesterolemic; Antifungal; fungitoxic; Antihyperglycemic; Antimalerial; 
Antiviral; Anxiolytic; Anti-inflammatory; UV rays absorbent 
[114] 
Coumarins Antioxidant; Antithrombotic [89] 
Antibacterial; spasmolytic [115] 
Chromones Anti-inflammatory [116] 
Anti-HIV [117] 
Antioxidant; Anti-inflammatory; Anti-tumor; Antiviral; Antimycrobial; Enzyme 
inhibition; Antifeedant activity; Diuretic activity 
[90] 
Benzophenones Antimicrobial; antioxidant; anti-inflammatory [118] 
Xanthones Antioxidant; Anti-inflammatory; Platelet aggregation inhibition; Antithrombotic; 
Vasorelaxant effect;  
[119] 
Stilbenes Antioxidant; Anti-cancer on mammary, prostate, colon and colorectal carcinomas 
and on childhood lymphoblastic leukemia; Cardioprotective; Anti-inflammatory; 
Anti-fungal; Anti-alergic; Anti-diabetic 
[120] 
Flavonoids Antioxidant; Inhibition of enzymes; Anti-inflammatory; Cytotoxic antitumor; 
Oestrogenic; Vascular; spasmolytic; Hepatoprotective; Antibacterial; Analgesic; 
Malaria prevention 
[93] 
Antioxidant; Antithrombotic; Total cholesterol decreaser; Antimutagenic; 
Antiangiogenic 
[121] 
Anti-inflammatory; Antioxidant; Antiallergic; Hepatoprotective; Antithrombotic; 
Antiviral; anticarcinogenic 
[122] 
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Group Activities Source 
Hydrolysable 
tannins 
Antimicrobial [123] 
Antioxidant; Antimutagenic; Anti-tumor promotion on skin and gastrointestinal 
tract tumors; Antiviral; Anti-HIV activity; Antibacterial 
[124] 
Condensed 
tannins 
Antimicrobial [123] 
Antioxidant; Antimutagenic; Anti-tumor promotion on skin and gastrointestinal 
tract tumors 
[124] 
Anti-angiogenic against lung, breast, colon and prostatic cancer [125] 
 
Extracts rich in phenolic compounds have been used worldwide in nutraceutical, 
pharmaceutical and cosmetic fields [126]. However, in the last decade, the extracts have 
been substituted by the active phenolic compounds. As example, ferulic acid has been 
used as food preservative or as ergogenic component in sport drinks [127], coumarin 
derivatives have been used as anti-thrombotic agents [128] and derivatives of resveratrol 
has also been used as components of skin creams [129]. 
Despite the exploitation of phenolic compounds is mainly related to their beneficial health 
effects, these compounds are used worldwide in industry for different purposes. The 
already described ability of condensed tannins to complex proteins has been explored, 
since the ancient times, to convert raw animal hides into leathers [96]. These compounds 
also have the capacity to complex with metal ions and polysaccharides [96, 97]. 
Furthermore several tannins are used worldwide to clarify beer, juice or wine or in the 
rubber production as anticoagulant [96]. 
2.4 Phenolic compounds extraction 
The extraction of phenolic compounds from vegetal sources is a complex task, due to the 
dependence of several parameters as the sample particle size, the extraction method 
employed, the extraction time, the storage conditions and the presence of interfering 
components [130]. Furthermore, the extraction conditions must be carefully chosen in 
order to avoid possible degradation of phenolic compounds. Temperature, air and light are 
the main factors that promote the degradation reactions of phenolic compounds [131, 
132]. The thermal degradation of these compounds is described as an oxidative process, 
which requires the presence of oxygen [132]. The presence of light is reported to catalyze 
the reaction of transformation of biological active forms (isomers) of phenolic compounds 
into inactive forms [133]. It has also been reported that longer extraction times increases 
the possibility of enzymatic degradation [131].  
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Due to the vast range of phenolic compounds and their presence in natural sources vary 
infinitively, there are no optimal extraction conditions to be applied to all the plant sources, 
however, there are several considerations that must be applied in most of the cases. One 
of the main is the temperature used in the drying and extraction processes, which could 
lead to chemical and enzymatic degradation or losses by volatilization or thermal 
decomposition of the phenolic compounds [134]. There is also consensus that lower 
particle size favours the extraction of phenolic compounds [135, 136]. 
The choice of the extraction solvent or solvent mixtures is one of the main variables to pay 
attention, and, from which, the success of the extraction process depends drastically. 
Organic solvents are still the most successfully applied. Methanol, ethanol, acetone, ethyl 
acetate and diethyl ether are the most common solvents chosen for the extraction 
processes. Several authors described satisfactory results when binary or ternary mixtures 
between those solvents are used [137-139] There is also a number of studies using these 
solvents acidified [137, 140]. In fact, the extraction pH is a variable which affect 
considerably the process, particularly when it is intended to extract not only the free 
phenolic compounds but also the insoluble-bound ones, such as those linked to lignin 
[130, 134]. Acidic and alkaline hydrolysis prior to extraction are commonly applied to 
release wall-bound phenolic compounds, as esterified phenolic acids or to remove the 
sugar moieties from flavonoid glycosides [130, 134, 141, 142]. Enzymatic hydrolysis is 
also used to release phenolic compounds [134, 142].  
Sequential extraction steps must be considered if non-phenolic compounds, such as 
waxes, terpenes, fats and chlorophylls, are to be previously removed from the vegetal 
matrix. 
Solid-liquid extraction is still the most common procedure to analyse the phenolic fraction 
of plant sources, due to its simplicity, high efficiency and easy tuner. However, over the 
last decades more efficient and/or environmentally friendly extraction methods have been 
studied, such as accelerated solvent extraction, ultrasound-assisted extraction, 
microwave-assisted extraction and supercritical fluid extraction. There is already a large 
interest in use environmentally friendly solvents. Ionic-liquids, for example, known as 
green and designer solvents, have been applied in several extraction techniques [143]. 
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2.4.1 Conventional solid-liquid extraction 
Conventional solid-liquid extraction, also called maceration, in which the compounds are 
removed from the vegetal matrix by submerging it in water, an organic solvent or solvent 
mixtures, is a traditional extraction technique used to extract phenolic compounds [142, 
144]. This procedure can be performed at room temperature or at high temperatures, with 
a reflux apparatus. Apart from the solvent and temperature used, the main parameters 
affecting this technique are the solid/volume ratio and extraction time [145-147]. In some 
studies, mechanical means to increase molecular interaction are employed, such as 
vortex followed by centrifugation or mechanical stirring [139, 146].  
This method was chosen for several authors for the extraction of phenolic compounds 
from Eucalyptus barks including E. globulus [38, 40, 43]. Methanol:water mixtures in a 
proportion of 80:20 were the most frequently selected solvent mixture used to extract 
phenolic compounds from Eucalyptus bark [38, 41, 43]. Furthermore, most of the studies 
also carried out the extractions at the room temperature for 24 hours and used a 
solid/liquid ratio of 1/60 (m/v) [38, 41, 43]. Recently, Vázquez et al. [29] compared the 
phenolic extracts of E. globulus bark obtained by conventional solid-liquid extraction using 
different solvents and mixtures, with methanol:water in a proportion of 50:50 showing 
better results: the solid/liquid ratio used in this study was 1/10 (w/w) and the extraction 
time varied between 1 and 2 hours [29]. Nevertheless, this study was done applying high 
temperatures (near or at the boiling point of solvents). 
Conventional solid-liquid extraction has been also applied in the extraction of phenolic 
compounds from cork. The solvent mixtures used vary between wine model solutions, 
with a solid/liquid ratio of about 1/17 (m/v), [80, 148], and methanol:water (80:20) 
mixtures, with a solid/liquid ratio of 1/75 (m/v), followed by liquid-liquid extraction with 
diethyl ether [54, 55]. Furthermore the extraction of phenolic compounds from cork in 
these studies was always at the room temperature and the extraction time varied between 
24 [55] and 72 hours [80, 148]. 
Due to its simplicity, easy adjustment, and efficiency, this technique could be considered 
the appropriate choice in a first approach to evaluate the phenolic composition of plant 
sources. However, due to its time-consuming, large consumption of organic solvents 
(often toxic) and, consequently, high costs, in an industrial application perspective more 
environmentally friendly and sustainable techniques must be considered. 
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2.4.2 Soxhlet extraction 
Soxhlet extraction is an alternative to conventional solid-liquid extraction technique, that 
can be use to extract phenolic compounds from solid matrixes. This method involves the 
continuous extraction of a solid sample with a limited amount of solvent, due to the 
sequential steps of distillation/condensation of the solvent over the sample. Despite its 
simplicity and inexpensive extraction apparatus (Figure 2.24), this technique requires long 
extraction times and extraction temperatures at the boiling point of the solvent used, which 
in some cases could not be compatible with thermo-labile compounds [150].  
In fact, the temperature required to boil the solvent, can be a clear disadvantage of this 
methodology. Although some authors have reported higher extraction yields and phenolic 
compounds contents by using soxhlet extraction instead of other techniques [149, 151], in 
most cases soxhlet extraction shows to be less efficient. Annegowda et al. [152] extracted 
phenolic compounds from Bauhinia purpurea L. leafs by a soxhlet extraction for 48 hours 
with ethanol, and by a conventional solid-liquid extraction, also with ethanol, but at room 
temperature and for 3 days. Despite the extraction yield obtained by soxhlet extraction 
was slightly higher, the phenolic compounds content, as well as the content of flavonoids 
and tannins, were significantly lower [152]. Budrat et al. [153] also reported that the 
phenolic compounds content of extracts from bitter melon obtained by soxhlet extraction, 
using methanol as solvent for 4 hours, is clearly lower than those obtained by other 
extraction techniques. 
Tomsone and co-workers [149] compared several solvents and solvent mixtures in a 
soxhlet extraction of phenolic compounds from horseradish roots and verified that 95 % 
ethanol is the most efficient. Recently, Vazquéz et al. [29] also applied soxhlet extraction 
during 15 hours with different organic solvents to compare the phenolic compounds 
content and antioxidant activity of E: globulus bark extracts. However, this technique is 
most commonly applied in the extraction of lipophilic fraction of natural matrices. With 
non-polar solvents, such as n-hexane or dichloromethane, the undesired compounds can 
be firstly extracted from the plant matrix. In fact, several studies have successfully used 
soxhlet extraction with dichloromethane to extract the lipophilic fraction from Eucalyptus 
bark [31, 32, 154] and from cork and cork by-products [52], applying extraction times of 7 
and 10 hours, respectively. 
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Figure 2.24 – Scheme of a soxhlet extraction apparatus 
 
2.4.3 Accelerated solvent extraction 
Accelerated solvent extraction (ASE), also known as pressurized liquid extraction (PLE), 
has become another promising extraction process for phenolic compounds, providing 
lower extraction time and solvents consumption. This technique uses organic solvents at 
high pressure and temperature (above their boiling point), in order to accelerate the 
extraction process [155, 156]. On the one hand, the high temperature increases the 
extraction kinetics, as at the same time, by decreasing the viscosity, it enhances the 
sample penetration. On the other hand, the high pressure allows the solvent to stay at 
liquid state and facilitates the desorption of analytes [155]. One of the main advantages of 
this technique is that, although the high temperatures used, ASE does not causes 
degradation of phenolic compounds, due to the absence of air and light during this 
extraction process [132]. This fast and automated technique provides successful results in 
the extraction yield and efficiency of extraction. Furthermore, the recent developments in 
ASE technology allow the use of green solvents, as water or even ethanol, which is 
generally recognized as safe [156].  
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2.4.4 Ultrasound-assisted extraction 
Ultrasound-assisted extraction (USAE), in which the solid matrix is immersed in a solvent 
and submitted to ultrasound irradiation (US), by using an US bath or probe, has become 
an emerging technique in the extraction of phenolic compounds. It uses sound waves at 
frequencies over the audible to humans value (20 kHz) to disrupt the plant cell walls, thus, 
accelerating the solvent penetration into the plant material and enhancing the release of 
the target analytes [157, 158]. Therefore, USAE requires lower extraction times than 
maceration, soxhlet or even microwave-assisted extraction (MAE). Furthermore, this 
technique involves lower temperatures, which is an advantage in the case of temperature 
sensitive compounds, such as the phenolic compounds [157]. USAE has been well 
accepted by food industry, being already applied, not only in the extraction of natural 
compounds, as also in processing and preservation operations [158]. Notwithstanding, 
USAE, when compared with supercritical fluid extraction (SFE), is described as less 
selective, efficient and with higher extraction times, although the USAE equipments are 
simpler and less expensive than SFE apparatus [158, 159]. 
2.4.5 Microwave-assisted extraction 
Microwave-assisted extraction (MAE) is an efficient technique for phenolic compounds 
extraction, which is applicable to thermally stable compounds, with the advantages of its 
short extraction times and lower solvent volumes. Microwave energy is a non-ionizing 
radiation that causes molecular motion, mainly by dipolar rotation [160]. The optimisation 
of MAE process involves several parameters, such as, temperature, type of solvent and 
its volume, irradiation time and power. Binary mixtures with acetone, methanol or ethyl 
acetate and water have been commonly applied in MAE extraction of phenolic compounds 
[138]. The efficiency of MAE is dependent on the dipole moment for microwave energy 
absorption of the solvent chosen [160], as well as in the nature of the solid matrix. The 
existence of some water content in solid matrixes promotes the release of extractives into 
the surrounding medium [160]. Although MAE is carried out in closed systems, without air 
and light, the temperature is, once more, an important variable, concerning the stability of 
phenolic compounds. Liazid and co-workers [131] have demonstrated the degradation of 
some phenolic compounds when submitted at temperatures above 100 ºC in MAE 
process using methanol as solvent. The establishment of new analytical methods 
concerning environmental issues has become object of study. In fact, some prospective 
results have been already obtained by using ionic-liquids [161] or even ethanol and water 
[162] in the MAE extraction of phenolic compounds from vegetal sources. 
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2.4.6 Supercritical fluid extraction 
Supercritical fluid extraction (SFE) is becoming an attractive alternative method for 
conventional solid-liquid extraction of organic compounds from biomass materials [163, 
164]. A supercritical fluid is a substance that, at temperatures and pressures higher than 
its critical temperature and pressure (the critical point) (Figure 2.25), shows 
compressibility, transportation and penetration properties of a gas and the densities and 
solvating power of a liquid [163]. Furthermore, in comparison to common solvents, 
supercritical fluids exhibit higher diffusivities, lower viscosities, almost null surface 
tensions, and similar densities, which combined provide them excellent solvent and 
operational characteristics [165]. Moreover, their properties can be tuned by changing the 
temperature and pressure, or through the addition of a co-solvent. 
 
Figure 2.25 – Schematic pressure-temperature phase diagram of a pure substance 
Carbon dioxide (Pc = 7.28 MPa, Tc = 304.1 K [165]) is the most widely used fluid for SFE, 
since it is non-toxic, environmentally safe, non-flammable, low cost at high purity, and 
easily removed from final extracts. Additionally, it allows the use of relatively low 
pressures and near room temperature conditions, and the absence of light and air in the 
process reduces the possibility of oxidative degradation [166], which could be an acute 
problem in the case of phenolic compounds. Due to its non polarity, CO2 is not an efficient 
solvent to extract polar compounds, such as phenolic compounds. Addition of modifiers, 
such as ethanol, methanol or even water, enhances the solvating power of CO2, 
increasing the selectivity and therefore the yield of target compounds. Ethanol is the most 
used supercritical CO2 modifier, because it is an environmentally friendly solvent, allowed 
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in food, cosmetic and pharmaceutical industry [165]. Furthermore, it can be easily 
eliminated from the extraction vessels by evaporation, and recycled to the system. 
2.4.7 Solid phase extraction 
Solid phase extraction (SPE) is an extraction technique commonly applied in liquid 
matrixes, such as juices [167], allowing at the same time to fractionate the extracts into 
groups of components. This technique can be also applied in solid matrixes, after their 
pre-extraction into solvents. Therefore, SPE allows the sequential fractionation of different 
classes of phenolic compounds and removal of unwanted components [130, 168]. This 
method is based on chromatographic processes, during which analytes are adsorbed in a 
solid sorbent and subsequently eluted by sequential elution with appropriate solvents. The 
optimisation of the SPE process involves the choice of the type of sorbent and solvent. 
This process can also be automated, being already available several commercial 
cartridges with a wide variety of sorbents. Non-polar reversed-phase silica based 
sorbents, mostly C18, are the common used cartridges in phenolic compounds 
fractionation [130, 142].  
2.5 Phenolic compounds analysis 
The analysis of phenolic rich extracts is a complex task that has been facilitated in the last 
decade by the technological evolution of many spectroscopic techniques. Nevertheless, 
the characterisation of a complex material always requires the use of several techniques: 
starting from global gravimetric and spectrophotometric methods; passing by 
chromatographic techniques coupled to mass spectrometry; and ultimately by the 
fractionation of the extracts to obtain pure compounds for characterisation by more 
powerful spectroscopic techniques, such as NMR and X-ray analysis. 
2.5.1 Spectrophotometric analysis 
Diverse spectrophotometric methods have been used to estimate either the total phenolic 
content (TPC) or the content of a given class of phenolic compounds, such as 
hydrolysable or condensed tannins. 
2.5.1.1 Total phenolic content 
The most common used method to determine the TPC is the Folin-Denis method [169], 
modified by Folin and Ciocalteu [170], although some studies [171] have been also carried 
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out using the Prussian Blue assay [172]. These assays are based on oxidation-reduction 
reactions, in which the phenolate ions are oxidized and the Fe(CN)6
3- ion (in Prussian Blue 
assay), or phosphotungstic-phosphomolybdic (in Folin-Denis assay) are reduced, forming 
coloured products. As all the free hydroxyl groups could participate in the reaction, these 
assays just give an idea of the amount of total phenolic compounds present in the extract. 
These two methods were firstly developed to detect the aminoacid tyrosine in protein 
hydrolisates [173].  
Some limitations have been attributed to Prussian Blue method, namely the formation of a 
precipitate and the increase of colour density along the time [97]. Furthermore, pH and 
temperature have been described to affect the colour density of the products [174]. 
Initially, Folin-Denis assay was also limited with the formation of a precipitate. However, a 
modification made by Folin and Ciocalteu [170], introducing lithium sulfate and bromine in 
the reagent mixture (Folin-Ciocalteu reagent), solved that problem. Later Singleton and 
Rossi [175] introduced some modifications to the conditions, in order to turn reduction 
reaction more specific for phenolic compounds and to reduce the variability of the results.  
The chromophore phosphotungstic-phosphomolybdic complex, formed in Folin-Denis 
assay, presents a blue colour, which intensity could rapidly be quantified by absorbance 
reading in a UV-vis spectrophotometer at 760 nm. Although studies have been done using 
different phenolic compounds as reference standards [176-178], gallic acid, which was 
proposed by Singleton and Rossi [175], is the most commonly used reference [104, 105, 
179], being the final results expressed as gallic acid equivalents.  
In recent years a number of limitations have been attributed to this assay [97, 180, 181], 
mostly related to the less of sensitive of the method, with the contribution by non-phenolic 
compounds, which could lead to an overestimation of the results. However, the main 
problem related with this assay is the lack of a standardized methodology [180]. Several 
authors have been reporting different conditions in what concerns the volume, 
concentration of the solutions or incubation time [101, 104, 105, 179]. However, a large 
number of studies [140, 182-184] have used the conditions proposed by Scalbert et al. 
[185]. Moreover the major studies concerning the bark of several Eucalyptus species and 
the Q. suber cork have applied the same procedure [43, 55, 186, 187]. 
Folin-Ciocalteu method can continue to be a rapid approach in the total phenolic content, 
even to comparative purposes, considering the same methodology conditions and the 
same reference standard.  
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2.5.1.2 Hydrolysable tannins content 
Several methods have been described to estimate the total amount of hydrolysable 
tannins [185]. The potassium iodate assay, firstly described by Haslam et al. [188], and 
later modified by Bate-Smith [189], is based on the reaction between potassium iodate 
with gallo- and ellagitannins, producing a pink reaction product. However, numerous 
problems are attributed to this test, as a high sensibility for oxygen content, temperature 
and reaction time, leading to an unstable coloured product [190]. These leaded some 
authors to suggest several modifications to the method [191, 192]. 
Another method used for the estimation of hydrolysable tannins, in particular gallotannins, 
is the rhodanine assay, developed by Inoue and Hagerman [193]. In this test, the reagent 
(2-thio-4-ketothiazolidine) reacts specifically with gallic acid, under anaerobic conditions, 
forming a red product. Gallotannins are determined, after a hydrolysis step, by the 
difference of gallic acid quantity before and after hydrolysis. Some criticisms have been 
done for this assay [190], attributing interference of gallic acid molecules presented in 
some ellagitannins, as well as due to the variation in the number of gallic acids moieties 
between the diverse naturally occurring gallotannins. Bate-Smith [189] described an 
analytical procedure to estimate only the ellagitannins, the sodium nitrite assay, later 
improved by Wilson and Hagerman [194]. This assay is based on the formation of a red 
chromophore during the reaction of ellagic acid units, resulted from the ellagitannins 
hydrolysis, with the electrophile NO+. Despite some underestimation of this method has 
already been reported [195], the main advantage of this assay is that when other 
compounds, as gallic acid or hydroxycinnamic acids react with the electrophile the 
products formed have a yellow-brown colour, no interfering with the colorimetric test [181]. 
Nevertheless this assay has the counterpart of to be necessary a large amount of 
pyridine, used as solvent. 
Despite some authors included these assays in their studies [196-198], the estimation of 
total hydrolysable tannins content is not a widely used procedure. Actually, no study 
concerning the characterisation of phenolic fractions of Eucalyptus bark or Q. suber cork 
has used these assays. 
2.5.1.3 Condensed tannins content 
Several colorimetric assays have been described to estimate the total condensed tannins 
content, with special emphasis in grains [130]. The vanillin test, which involves the 
reaction of condensed tannins with vanillin under acidic conditions, is probably the most 
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used. However, the sensitivity of this method to monomeric flavonols, as well to 
dihydrochalcones becomes a disadvantage [130, 199]. Furthermore, the success of this 
assay is dependent on the nature of the solvent, nature and concentration of the acid, 
temperature, reaction time and reference compounds used [97]. 
Other colorimetric assay relies on the conversion of proanthocyanidins in red 
anthocyanidins, in the presence of a solution with butanol and chloride acid. Due to the 
reproducibility of the method and the yield of conversion increases in the presence of 
transition metals, ferrous or ferric ions are strongly suggested to add to the reaction 
mixture [200]. However, the use of this method have to take into account several other 
considerations, due to its sensitivity to the degree of polymerization of proanthocyanidins, 
the number of hydroxyl groups in their rings, the ratio acid-butanol or even to the quantity 
of water in the reaction medium [97]. These assays are commonly applied in the study of 
seeds [201, 202], due to its well-known high content in proanthocyanidins, but several 
authors already used it in the study of other sources as Q. suber cork [54] or Eucalyptus 
bark [43]. However, the assay mostly used in woody species, in particular in the bark, is 
that proposed by Yazaki and Hills [203], which involves the precipitation of condensed 
tannins with formaldehyde. This reaction, originally described by Stiasny [204], is 
catalyzed by chloride acid and the precipitate obtained is weighed to obtain the yield of 
precipitate (Stiasny number). The Stiasny number has been determined also to evaluate 
the potential of extracts to wood adhesives applications [205]. Despite its time consuming, 
this assay has been used worldwide in the analysis of condensed tannins from the bark of 
numerous species [206, 207], inclusively of E. globulus [186, 187]. 
2.5.2 Chromatographic techniques 
Chromatography has become a central technique for both separation and quantification of 
phenolic compounds. Gas chromatography (GC) and high-performance liquid 
chromatography (HPLC) have become the most used techniques, although several other 
chromatographic techniques can be applied [208-210]. These methods, coupled to mass 
spectrometry (MS), allow to a rapid and complete elucidation of the phenolic compounds 
structure. 
2.5.2.1 Size exclusion chromatography 
Size exclusion chromatography (SEC), in which the compounds are separated based on 
their molecular weight, can be a fast and simple tool to elucidate the size distribution of 
molecular weights of phenolic fractions. Some authors already applied this technique in 
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the characterisation of polar extracts of E. globulus [186, 211]. One disadvantage of SEC 
is that it does not allow the separation of individual components, but only groups of 
compounds with similar molecular weights. However, this can be interesting as a pre-
fractionation technique for further analysis with other techniques, as matrix-assisted laser 
desorption ionisation–time of flight (MALDI-ToF), or even HPLC-MS, for example. In fact, 
Nonier et al.[209] reported a promise methodology in the analysis of proanthocyanidins, 
by using SEC to fractionate these compounds followed by MALDI-ToF analysis. 
2.5.2.2 Gas chromatography 
Gas chromatography (GC), in which the mobile phase is an inert gas, is a technique that 
can also be employed in the identification of phenolic compounds.  
Despite some earlier studies have used this technique as the main tool in the identification 
of such compounds [212, 213], even in cork [55] its use is more recommended for the 
lower molecular weight phenolic compounds, due to their higher volatility [168]. In most 
cases, the detection of phenolic compounds is carried out using MS detector, although 
flame ionization detectors (FID) is also used to quantitative purposes [214]. One of the 
requirements and disadvantages of GC is the need of a previous derivatisation step. 
Phenolic compounds are converted into more volatile derivatives by methylation, 
trifluoroacetylation, trimethylsilylation or tert-butyldimethylsilylation [130]. GC-MS is a 
more powerful technique, given the spectroscopic information provided for each 
chromatographic peak, which in most cases is critical for its identification.  
2.5.2.3 Thin layer chromatography 
Thin layer chromatography (TLC) is a cheap and simple method to screen vegetal 
sources for the existence of different phenolic compounds. Furthermore, TLC can be used 
for preparative isolation, obtaining enriched fractions or pure compounds to further 
analysis by HPLC, GC or other spectroscopic techniques. Several advances were made, 
concerning the improvement of this technique, as, for example, the development of 
several strategies to identify specific class of compounds, as tannins or flavonoids [188, 
215, 216]. Recently Sajewicz et al. [210] compared an improved TLC methodology with 
high-performance liquid chromatography (HPLC) in the identification of phenolic 
compounds from Salvia species, suggesting that, in some occasions, TLC could be a 
sufficient alternative to liquid chromatography. However, in general this technique is more 
commonly used in association with other techniques, such as HPLC. Conde et al. [38] 
Chapter 2 
 
63 
used them together in the identification of several phenolic compounds, including phenolic 
acids and flavonoids from E. globulus bark. 
2.5.2.4 High-performance liquid chromatography 
High-performance liquid chromatography (HPLC) is a chromatographic technique in which 
the stationary phase is composed of solid particles (such as silica, coated silica or 
polymers) packed into a column, and the mobile phase is a suitable liquid [217, 218].  
This technique can be applied as normal phase (NP) or reverse-phase (RP) 
chromatography. NP involves a polar stationary phase and a non-polar mobile phase, 
being the more polar compounds retained longer into the column; Inversely, RP has a 
non-polar stationary phase and a polar mobile phase, with the less polar compounds 
being retained on the column longer than polar ones. This last type of chromatography is 
the most commonly applied. The interaction of the components with the mobile and 
stationary phase depends upon several parameters, thus can be easily manipulated. This 
allows HPLC to be a highly versatile technique and to have high ability to separate the 
components from a complex mixture. Furthermore, the analysis does not require a 
derivatisation step. In fact, in the last two decades HPLC has dominated the studies 
concerning the separation, quantification and identification of phenolic compounds. 
Several authors have demonstrated that it is possible to separate almost all the class of 
phenolic compounds (with the exception of higher tannins) in a single HPLC analysis 
[219-221]. 
The successful use of HPLC involves the choice of an appropriate column (stationary 
phase), mobile phases and detector. In the literature there are several reviews concerning 
the conditions of analysis used in different studies regarding phenolic compounds from 
vegetal sources [130, 168]; however, the variety of the phenolic fractions in each plant 
implies an individual screening of the optimal conditions for each one. 
Columns 
Reversed phases columns, in which silica particles are covered by non-polar alkane 
chains, are certainly the most used in the separation of phenolic compounds, with the C18 
as the main choice for the stationary phase. Its internal diameter could range from 2.1 to 5 
mm, however, when it is coupled with mass spectrometry, it is usual to move towards a 
lower diameter. Commonly, the length of the columns ranges from 100 to 300 mm and the 
particle size are mostly 3 or 5 µm [130, 168]. The choice of the columns to be used in the 
study of phenolic fraction from Eucalyptus spp. bark or Q. suber cork is also 
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unambiguous: a reversed-phase C18 column, with its length ranging from 150 to 200 mm 
and an internal diameter of 5 µm [38, 40, 43, 54, 55, 80]. 
The separation of tannins with high degree of polymerization is not yet possible by HPLC, 
due to the high number of isomers, resulting in large and unresolved chromatographic 
peaks [222]. However, it has been demonstrated that the use of a normal phase column is 
more suitable in the separation of these compounds. In fact, Lazarus et al. [223], 
separated proanthocyanidins, until dodecamers, from several food samples with a normal-
phase column. 
In the last years, several improvements have been done, both in instrumentation 
technology and in development of new columns, aiming to maximize the efficiency of 
separation, as also to decrease the analysis time. Ultra high-performance liquid 
chromatography (UHPLC) is an example of this, in which the equipments are suitable to 
support very high pressures (up to 1000 bar), allowing to use packed columns with a very 
low particle size (~2 µm) [224]. In fact, several authors have reported good separations of 
phenolic compounds in very short analysis times (less than 10 minutes) [225-227]. 
Recently, and to have alternatives to UHPLC, a still expensive and high solvent consumer 
technology, new HPLC columns were developed, allowing fast separation and high 
resolution with reduced mobile phase consumption. These, known as fused-core columns, 
due to its porous shell fused to a solid core, have demonstrated also promising results, 
allowing to separate phenolic compounds from teas and several other beverage extracts 
in less than 5 minutes [228]. However, due to their recent appearance in the market, very 
few studies have been done using these columns. 
Mobile phases 
The choice of appropriate solvent systems, as well the gradient elution, constitutes one of 
the main factors affecting the resolution and efficiency of HPLC. Furthermore, several 
factors have to be taken into account, such as the purity of the solvent, its viscosity or the 
compatibility with the detector. In reversed-phase chromatography the mobile phase is 
usually a mixture of water with an organic solvent. Methanol and acetonitrile are among 
the most used organic solvents for phenolic compounds separation [130, 168], being also 
the solvents chosen by several authors in the study the phenolic fraction from Q. suber 
cork [54, 80] and Eucalyptus bark. [38, 40, 43]. However, a good separation of phenolic 
compounds could also be achieved with other solvents, as propanol [229] or ethyl acetate 
[230]. The separation of the compounds can be done in isocratic mode, with the same 
mobile phase composition along the time or, as in the most cases, with a gradient elution 
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between two solvent mixtures. Frequently, various studies include a combination of the 
both, as it was applied by some authors to separate the phenolic compounds from Q. 
suber cork and from E. globulus bark [38, 43, 55, 80]. Nowadays, mostly of the HPLC 
analysis of phenolic compounds involve the addition of an acid to the mobile phase. 
Acetic, trifluoroacetic, phospohoric and formic acids are the mainly employed [130, 168]. 
Other studies reported the use of buffers in the preparation of the solvent mixtures [231]. 
Detectors 
The choice of the appropriated detector is decisive in the success of an HPLC analysis. 
Several detectors are available in HPLC equipments, including ultraviolet-visible, 
photodiode array, fluorescence, electrochemical, conductivity and refractive index 
detectors, being the three first the most commonly used in the detection of phenolic 
compounds. Apart from the analysis done in these detectors, the identification of phenolic 
compounds is most frequently carried out by coupling mass spectrometry detectors to 
HPLC equipments. 
Ultraviolet and Photodyode array detectors 
Ultraviolet–visible (UV–Vis) spectrophotometry is one of the most common detectors in 
the analysis of phenolic compounds, due to the high UV absorption of these compounds. 
The appearance of diode array detectors (DAD) has become one of the most used 
techniques in these studies. DAD allows the detection and simultaneous recording of 
chromatograms at different wavelengths. Thus, different groups of phenolic compounds 
can be detected in complex matrixes. A match of both UV-vis spectrum and retention time 
with a reference compound could lead to a positive identification of a phenolic compound. 
In fact, several phenolic compounds were identified in Q. suber cork and Eucalyptus bark 
extracts by using HPLC-DAD and comparing the data with those of standard compounds 
[38, 54, 55, 80]. 
The choice of wavelengths for phenolic compounds detection also represents a crucial 
parameter affecting the success of HPLC-DAD, mainly for quantification purposes. 
Different classes of phenolic compounds can be detected by monitoring at different 
wavelengths, considering preferably those for which UV–Vis absorption is maximum 
(λmax)  The λmax for ben oic acids, flavan-3-ols (including the dimers) and 
dihydrochalcones is near 280 nm, and for cinnamic acid and its derivatives is close to 320 
nm  The λmax for flavonols is generally around 360 nm. Anthocyanins are one of the 
groups of phenolic compounds that can be easily detected, due to their absorption in 
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visible light, near 520 nm [232]. In the analysis of phenolic compounds from Q. suber cork, 
the wavelengths chosen range between 280 [80] and 325 nm [54, 55]. In the case of 
Eucalyptus bark extracts analysis, most of the authors have chosen 325 nm [38, 41]. 
Cadahía et al. [43] analysed the tannin composition of Eucalyptus spp. bark extracts by 
recording HPLC-DAD at 270 and 365 nm. 
Fluorescence detector 
Fluorescence detector (FL) is sensitive to compounds that fluoresce upon UV irradiation. 
It is considered more sensitive than other techniques, however, the application of this 
technique to the analysis of phenolic compounds can be limited if other strongly 
fluorescent components are present in the sample or even in the mobile phase.  
Fluorescence detectors are most frequently used together with DAD in the analysis of 
phenolic compounds from vegetal sources, showing to be particularly sensitive to some 
compounds, as proanthocyanidins and catechin [223, 228]. This technique can also be 
applied in non-fluorescent compounds, provided an adequate derivatisation step is 
previously carried out [233]. Lores et al. [234] described a photochemical derivatisation 
step to detect some phenolic acids with a fluorescent detector.  
Mass spectrometry detectors 
Mass spectrometry (MS) can be used coupled directly to the HPLC, after other detectors, 
or off-line. In this last case, the fractions or pure compounds should be collected and 
further injected in spectrometer.  
MS detectors manipulate and detect ions in the gaseous phase, therefore, the solvent has 
to be evaporated and sample ions must be produced [235]. This function is carried out by 
the interface of a MS detector, which can be divided in two main categories, the ion-spray 
techniques as electrospray ionization (ESI), thermospray (TSP) or atmospheric pressure 
chemical ionization (APCI) and the ion-desorption techniques as the matrix-assisted laser 
desorption ionisation (MALDI), fast atom bombardment (FAB) and plasma desorption (PD) 
[236]. ESI is the most commonly used ionization method for phenolic compounds [237], 
although some studies have been done using APCI interface. Most commercial HPLC-MS 
instruments can contain both interfaces, which can be operated both in positive or 
negative mode, however, negative mode is more frequent in the analysis of phenolic 
compounds [225, 237]. The sample solution enters into a MS detector flowing 
continuously trough a stainless steel capillary tube (ESI) or fused-silica capillary tube 
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(APCI). In an ESI interface a charge is added to the analytes, applying a potential in the 
capillary tip. After that, the sample is sprayed into the heated interface, where the solvent 
evaporates, assisted by a flow of hot nitrogen [235, 238]. In an APCI interface the solvent 
is vaporized first and, then, a charge is added to the analytes in the gaseous phase by 
using a corona discharge [235]. 
After sample ions are generated they are analysed according to their mass-to-charge ratio 
(m/z). There are also different mass separation devices, the so called mass analysers. 
The first analysers to be developed, and now the less used, were the magnetic-sector 
mass analysers, including the double-focusing and the tri-sector mass analysers [236]. 
Nowadays, the more common mass analysers are the quadrupole, the ion-trap and the 
time-of-flight (ToF), with the resolution, accuracy and mass range to be different between 
them [238].  
Quadrupole, probably the most used type of mass analysers, consists of four parallel 
metal rods, in which direct-current and radio-frequency potentials are employed. Ion 
separation takes place varying the direct-current/radio-frequency ratio. For a given ratio, 
only selected m/z values can pass along the quadrupole to reach electron multiplier for 
detection. In an ion trap mass analyser, which consists of a ring shape electrode 
associated with end-cap electrodes, on the contrary, the ions are stored in the trapping 
space, and only specific m/z values are ejected for each direct-current/radio-frequency 
ratio [236, 238]. In ToF analysers a group of ions is accelerated, with a given kinetic 
energy, by an electric field. For the same kinetic energy the velocity of the ions will 
depend on their mass and, therefore, the time taken to transit the drift tube will be 
different. ToF combined with MALDI ionization has become widely used, especially in the 
analyses of higher molecular weight biomolecules [236, 238]. Vázquez et al. [40], for 
example, used this technique to identify gallotannins in E. globulus bark extracts.  
One of the main advantages of mass spectrometry is that it supplies both information 
about molecular weight and structure of the analyte. The last one is achieved by the use 
of tandem mass spectrometry or mass spectrometry-mass spectrometry (MS/MS). This 
represents a technique in which, in a first stage, an ion from the analyte is isolated and, in 
a second stage, its fragmentation into product ions is promoted. There are several 
different MS/MS acquisition modes, being the product-ion scan the most usual. In this 
experiment the ion isolated in the first stage is submitted to a fragmentation [238]. Several 
instruments are available to perform tandem mass spectrometry being divided in tandem 
in-space and tandem in-line instruments.  
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In tandem in-space instruments the mass selection, fragmentation and mass analysis are 
carried out in three different regions of the mass spectrometer. Triple quadrupole (QqQ), 
hybrid mass spectrometer (instrument with two different types of mass analysers), tandem 
mass spectrometry on the ToF analyser and quadrupole-ToF instrument are examples of 
this type of equipments. QqQ is one of the most popular MS/MS equipments in the 
identification of phenolic compounds from vegetal sources [239, 240]. It consists of a set 
of three quadrupoles (Figure 2.26). The first and third quadrupoles act as mass analysers, 
while the second is used as collision cell. Therefore, an ion with a desired m/z can be 
isolated in the first quadrupole and sent to the second quadrupole (the collision cell), 
where it is fragmented. The product ions generated in this fragmentation pass to the third 
quadrupole, which can separate them (Figure 2.26). 
 
Figure 2.26 –Triple quadrupole mass spectrometer a) schematic (adapted from [241]); b) MS/MS 
experiment 
In tandem in-time instruments the mass selection, fragmentation and analysis of ions is 
carried out in the same physical space but using a temporal sequence [238]. This type of 
tandem mass spectrometry is obtained in fourier transform ion cyclotron resonance (FT-
ICR) or in ion trap mass spectrometers. The tandem mass spectrometry on an ion trap 
has a great advantage, since it is possible to isolate product ions and submit them to 
further fragmentation, known as multi-stage mass spectrometry (MSn). After the ions are 
generated in the interface they go into the ion trap, where ions with an undesired m/z are 
sent to waste and the isolated ions further fragmented. Afterwards, product ions with a 
desired m/z can be held and fragmented into smaller molecules. This process can be 
performed over and over (Figure 2.27), depending of each ion-trap equipment, with a 
decreasing sensitivity between each fragmentation [235]. 
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Figure 2.27 – MS
n
 experiment in an ion trap mass spectrometer  
The ion trap mass spectrometers are of particular interest in the case of flavonoid 
glycosides, for example, since it is possible to isolate the aglycone and further fragment it, 
obtaining information about its structure, which is not possible with other instruments. 
Furthermore, this technique allows to elucidate the structure of other families of phenolic 
compounds. Fernandes et al. [80], for example, used an ion trap applying fragmentations 
until MS3 to identify several gallic and ellagic acid derivatives, among others, in cork 
extracts. 
2.5.2.5 Supercritical fluid chromatography 
Supercritical fluid chromatography (SFC) is a recent technology similar to HPLC, which is 
compatible with most of the detectors used in HPLC, and even with those restricted to GC 
[242]. Several advantages have been attributed to SFC in comparison with HPLC, mostly 
due to the use of a supercritical fluid, as carbon dioxide. Properties, such as higher 
diffusivity and lower viscosity, result in lower separation time and higher resolution [232]. 
Despite all the advantages of SFC, this technique is not so explored in the separation of 
phenolic compounds, mostly due to the non-polar nature of carbon dioxide, the most used 
supercritical fluid. The separation of phenolic compounds can be achieved by the addition 
of polar modifiers, mostly methanol [243]. In order to reduce the amount of modifiers 
added to the mobile phase, some studies have been focused in the tuning of the polarity 
of the stationary phase, by using packed columns [244, 245]. The chromatographic 
separation can also be controlled by changing others parameters, such as the 
temperature and pressure [245]. 
2.6 Antioxidant activity analysis 
Despite all the health benefits attributed to phenolic compounds, which were already 
described above, most of the studies involving the analysis of phenolic compounds from 
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natural sources include the evaluation of their antioxidant capacity. This is due, by on the 
one hand, to the antioxidant activity of natural compounds in human body, which is linked 
to the prevention of the most degenerative and oxidative stress related diseases [102]. On 
the other hand, most phenolic compounds have an antioxidant activity even higher than 
vitamin C and E [103]. Furthermore, the interest of phenolic compounds as food 
antioxidants is also related to concerns about the safety in the use of synthetic 
antioxidants, as butylated hydroxyanisole (BHA), butylated hydroxytoluene (BHT) and tert-
butylhydroquinone (TBHQ) [82, 246, 247]. 
In biological systems, an antioxidant can be defined as any substance that, in low 
concentration, compared to those of an oxidisable substrate, significantly delays or 
prevents oxidation of that substrate [248]. The substrate, i.e. the oxidisable compound, is 
usually a lipid, but can also be a protein, deoxyribonucleic acid (DNA) or carbohydrate. In 
the case of lipid oxidation, the main mechanism of antioxidants is to act as radical chain-
breakers. Another mechanism is to act as preventive antioxidant oxygen scavenging or 
blocking the pro-oxidant effects, by binding proteins that contain catalytic metal sites 
[249]. 
The antioxidant activity of phenolic compounds is mainly due to their reducing properties, 
allowing them to act as hydrogen or electron donators. Furthermore, they have transition 
metal-chelation potential [103]. There is a structure-activity relationship between the 
phenolic compounds that relates the radical scavenging with the presence, number or 
position of substitution groups [82]. It was reported that the number of hydroxyl groups in 
phenolic acids increases their antioxidant capacity, as well as the methoxy substitution in 
ortho position to the hydroxyl group of monohydroxycinnamic acids increases the 
antioxidant activity of such compounds [250]. In the same way, it was verified that the O- 
substitution on B ring of flavonoids also increase their antioxidant activity against lipid 
radicals [250]. A double bond between C-2 and C-3, conjugated with a 4-oxo group on C 
ring also increases the antioxidant capacity of flavonoids [251]. In the case of gallotannins, 
the increase of the number of galloyl units increases the antioxidant activity. It was also 
verified that the antioxidant capacity of ellagitannins increases with the molecular weight 
of the compounds [252]. Actually, Fernandes et al. [148] verified the same behaviour with 
gallo- and ellagitannins isolated from Q. suber cork. 
Numerous in vitro methods have been proposed to measure the antioxidant activity of 
pure compounds or vegetal extracts, which can be divided in two main groups: those 
based on hydrogen atom transfer (HAT) reactions and those based on single electron 
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transfer (ET) reactions. HAT assays measure the capacity of a potential antioxidant to 
donate hydrogen atoms and quench free radicals: 
 
 
  A  →   A    (2.1) 
Generally, HAT reactions involve a synthetic free radical generator, an oxidisable 
molecular probe and antioxidant compounds. Most of the HAT assays are kinetic-based, 
involving a competition between the antioxidant and the substrate for peroxyl radicals, 
resulted from the decomposition of azo compounds [253]. The HAT reactions are quite 
fast and independent of pH and solvent [180]. 
The ET-based assays measure the capacity of a potential antioxidant to transfer any 
electron to an oxidant, which itself is the probe, changing its colour when reduced [253]. 
The oxidant can be metals, radicals or carbonyls: 
 
 
  A  → - A        (2.2) 
A 
  
 
 2 
   A   3 
 
                (2.3) 
 
-
   3 
 
 →     2       (2.4) 
  III   A  → A     (II)         (2.5) 
Contrary to HAT, ET reactions are slow and pH dependent [180].  
The assays based on each mechanism most used in the analysis of phenolic compounds 
will be briefly described: 
2.6.1 Hydrogen atom transfer-based assays 
2.6.1.1 Oxygen radical absorbance capacity 
The oxygen radical absorbance capacity (ORAC) has been used to evaluate the 
antioxidant capacity in human and animal systems, however, in the last years, its use has 
been extended to other matrixes, as in the food industry. In fact, some nutraceutical 
manufacturers began to include ORAC values on their product labels [180]. 
This assay, developed by Cao et al. [254], measures the capacity of antioxidant 
compounds to compete with a fluorescent probe, such as fluorescein, for a thermally 
generated peroxyl radical. While the reaction of fluorescein with the peroxyl radical 
occurs, fluorescein is consumed and, consequently, the fluorescence intensity decreases: 
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The antioxidant capacity of the sample is quantified by the area under the fluorescence 
decay curve (relative fluorescence intensity of the probe vs time). Trolox, a commercial 
water-soluble vitamin E derivative (Figure 2.28), is commonly used as a standard 
compound, to obtain calibration curves and being the ORAC values expressed as Trolox 
equivalents. 
 
Figure 2.28 – Structure of trolox 
The major limitation attributed to this assay is related to the long period of analysis [180]. 
Several studies concerning the antioxidant activity of extracts rich in phenolic compounds 
have been done using this assay [104, 145]. 
2.6.1.2 Total peroxyl radical-trapping antioxidant parameter 
Total peroxyl radical-trapping antioxidant parameter (TRAP) assay is based on the 
monitoring of the reaction between the peroxyl radicals, generated from 2,2‘-azobis(2-
amidinopropane) dihydrochloride (AAPH), and the target probes. This assay could use 
fluorescence, with R-phycoerythrin (R-PE), or absorbance, by the use of 2,2‘-azinobis(3-
ethylbenzothiazoline-6-sulfonic acid (ABTS), as reaction probes [180, 253]. The 
antioxidant capacity is commonly quantified by the lag time or reaction time, being trolox 
generally the reference compound used. One of the main criticisms to this assay is related 
to its complexity, time-consuming and the possible underestimation, due to be based on 
the lag phase of antioxidant compounds [180]. This assay is commonly used in the 
analysis of phenolic compounds fractions, together with other assays [255]. 
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2.6.1.3 β-carotene bleaching assay 
β-carotene bleaching assay is based on the reaction of β-carotene with peroxyl radicals 
(e.g. AAPH or oxidizing lipids), generating β-carotene epoxydes [256]. The antioxidant 
compounds compete with the radical, donating it hydrogen atoms [180], being their 
content monitored by controlling the β-carotene colour, which has an absorption maximum 
at 470 nm. Other form of this method, known by croton assay, uses crucin instead β-
carotene, however, this natural compound is not commercially available [180]. This assay 
has been used by several authors to analyse the antioxidant activity of extracts rich in 
phenolic compounds [257, 258]. 
2.6.2 Single electron transfer-based assays 
2.6.2.1 Ferric reducing antioxidant power assay 
Ferric reducing antioxidant power (FRAP) assay, firstly developed by Benzie [259] to 
quantify ascorbic acid in plasma, is based on the measurement, under acidic conditions, 
of the reduction of Fe3+ – 2,4,6-tri(2-pyridyl)-s-triazine (TPTZ) complex to Fe2+ form 
(Figure 2.29), which has an intense blue colour. 
Despite being considered a fast and simple method to evaluate the antioxidant activity of 
phenolic compounds, one of the main disadvantages of this assay is related to the 
different reactivity between those compounds along the time [180]. Nevertheless, this 
method has been applied to investigate the antioxidant activity of phenolic fractions from 
many natural products, such as in fruits [196], vegetables [260] or even in E. globulus bark 
[29]. Furthermore, this assay was also used to evaluate the antioxidant activity of phenolic 
compounds isolated from Q. suber cork [148]. 
 
Figure 2.29 – Reaction mechanism between Fe
3+
-TPTZ complex and antioxidant compounds 
(source [256]) 
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2.6.2.2 Copper reducing assay 
Copper reducing assay is a recent variant of the FRAP assay, which is based on the 
reduction of Cu (II) to Cu (I) by the action of the reducing agents (antioxidants) presented 
in the sample. There are two forms of this method: the AOP-490 [261], in which a 
chromogenic reagent is used, namely bathocuproine (2,9-dimethyl-4,7-diphenyl-1,10-
phenanthroline), to form a complex with CU (I) with a maximum of absorbance at 490 nm; 
and the CUPRAC assay [262], which uses neocuproine (2,9-dimethyl-1,10-
phenanthroline). This compound complex with CU (I), forming a chromophore with a 
maximum absorbance at 450 nm. Uric acid is commonly used as reference compound. 
One of the main disadvantages attributed to this assay is, as occur with the FRAP 
method, related to the selection of the proper reaction time [180]. However, several 
determinations of the antioxidant activity of phenolic fractions have been done using this 
assay [258, 260]. 
2.6.2.3 Trolox equivalents antioxidant capacity assay 
Trolox equivalents antioxidant capacity (TEAC) assay, also known by 2,2′-Azinobis (3-
ethylbenzothiazoline-6 sulfonic acid) (ABTS) assay, was firstly reported by Miller and co-
workers [263]. In the improved version of this assay [264] a stable ABTS radical cation is 
generated by oxidation of ABTS with potassium persulfate. Therefore, the antioxidant 
compounds will react directly with ABTS• , which has a blue-green chromophore 
absorption (Figure 2.30). The antioxidant capacity is measured by monitoring the 
decreasing of the intense colour of the radical cation. Trolox is commonly used as the 
referenced compound, and the final results reported as trolox equivalents. This assay has 
been used by several authors to investigate the natural antioxidants, alone [109, 179], or 
in combination with other methods, as FRAP [265] or DPPH assays [266]. 
 
Figure 2.30 – Structure of 2,2′-Azinobis (3-ethylbenzothiazoline-6 sulfonic acid) radical cation 
(ABTS
• 
) 
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2.6.2.4 2,2-diphenyl-1-picrylhydrazyl assay 
The 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay, originally described by Brand-Williams et 
al. [267], is used worldwide to analyse the free radical scavenging activity. Actually, a brief 
search on ISI-Web of Knowledge (Figure 2.31) shows the tremendous difference between 
the number of studies using this assay compared with those described before. 
 
Figure 2.31 – Number of publication, until today, considering the keywords in the topics search 
“phenolic”, “antioxidant” and respectively: “  AC”  “T AP”  ”carotene bleaching”  “F AP”  
CUP AC”  “ABT  TEAC”  and  PP ” (I I-Web of Knowledge-October 2012) 
The method is based on the colour decrease of the DPPH free radical solution, and it is 
mostly described as an ET-based assay, although some authors defended that DPPH, as 
TEAC assays, use both HAT and ET mechanisms [180, 268]. Moon and Shibamoto [256] 
described that the odd electron of the nitrogen atom in DPPH• is reduced by receiving a 
hydrogen atom from antioxidant compounds (Figure 2.32). However, Foti and co-workers 
[269] reported that the rate-determining mechanism in this assay, in a methanol or ethanol 
solution, is a fast electron transfer process, while the HAT becomes a marginal reaction 
path. 
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Figure 2.32 – Proposed reaction mechanism between DPPH
•
 and antioxidant compounds (source 
[256]) 
The radical has maximum UV absorption at 515/517 nm and the colour fade can be 
monitored easily by a spectrophotometer. The final results are expressed as IC50 values, 
which correspond to the compound or extract concentrations need to reduce in 50 % the 
initial DPPH radical concentration. Ascorbic acid and BHT (Figure 2.33), two of the main 
commercial antioxidants, are the mainly reference compounds used in this assay. 
 
Figure 2.33 – Structures of ascorbic acid and BHT 
DPPH• is recognized as a stable free radical, however, it is light, oxygen and pH sensitive 
[270]. The type of the solvent used also affect the success of the method, mainly due to 
the solubility of the radical. Another parameter affecting the final results is the DPPH• 
concentration [271]. Nevertheless, there are several studies using a wide diversity of 
conditions. Sharma and Bhat [272] recommended a DPPH• concentration of 50µM in 
methanol or buffered methanol [257], as well as other parameters, such as the incubation 
time or the absence of light. Furthermore, to overcome the non existence of a 
standardised procedure, Scherer and Godoy [271] suggested the use of a ratio between 
the DPPH concentration and the IC50 value, called antioxidant activity index, however, 
very few studies have used this ratio [273-275]. One of the main advantages of this assay 
is that the DPPH• does not require any previous preparation, as happens with the ABTS 
radical, for example. 
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This assay was already used, together with FRAP, in the analysis of the antioxidant 
activity of phenolic compounds present in cork [148]. El-Moein and co-workers [276] also 
used DPPH, but in association with β-carotene and ABTS assays, to evaluate the 
antioxidant activity of extracts from E. globulus bark. Although some other studies have 
used DPPH combined with other assays [152, 260], a large number of authors have used 
only DPPH assay to access the antioxidant properties of the phenolic fraction from vegetal 
extracts [162, 225, 244, 273, 274].  
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Abstract 
High-performance liquid chromatography–electrospray ionization mass spectrometry 
(HPLC–ESI–MS) and multi-stage mass spectrometry (MSn) were used to investigate 
the phenolic constituents in methanol, water, and methanol/water extracts of 
Eucalyptus globulus Labill. bark. Twenty-nine phenolic compounds were identified, 16 
of them referenced for the first time as constituents of E. globulus bark, namely, quinic, 
dihydroxyphenylacetic, and caffeic acids, bis-hexahydroxydiphenoyl (HHDP)-glucose, 
galloyl-bis-HHDP-glucose, galloyl-HHDP-glucose, isorhamentin-hexoside, quercetin-
hexoside, methyl-ellagic acid (EA)-pentoside, myricetin-rhamnoside, isorhamnetin-
rhamnoside, mearnsetin, phloridzin, mearnsetin-hexoside, luteolin, and a 
proanthocyanidin B-type dimer. Digalloylglucose was identified as the major compound 
in the methanol and methanol/water extracts, followed by isorhamnetin-rhamnoside, in 
the methanol extract, and by catechin, in the methanol/water extract, whereas in the 
water extract catechin and galloyl-HHDP-glucose were identified as the predominant 
components. The methanol/water extract was shown be the most efficient to isolate 
phenolic compounds identified in E. globulus bark. 
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3.1 Introduction 
Eucalyptus globulus Labill. is one of the main wood species produced in Portugal; it 
ranks third in terms of Portuguese forest area (about 672,000 ha), representing about 
31% of the world production of E. globulus, and it is the main raw material for pulp and 
paper production in Portugal and Spain [1]. The pulp industries generate substantial 
amounts of biomass residues, among which bark is the most abundant and is currently 
simply burned to produce energy. In the case of E. globulus, bark represents about 
11% of the stem dry weight [2]. Thus, a pulp mill with a production capacity of 5.0x105 
tonnes/year of bleached kraft pulp can generate around 1.0x105 tonnes/year of bark, 
showing the enormous potential for the upgrading of this biomass residue. Therefore, 
the detailed study of its chemical composition is a key step toward the implementation 
of strategies for the recovery of valuable components from this biomass residue. 
Moreover, this strategy is perfectly in tune with the emerging biorefinery concept [3], 
which has been attracting increasing interest in recent years, from the perspective of 
promoting the integrated exploitation of agro-forest biomass resources in the search for 
new alternatives to petrochemical-derived products. 
In recent years, we have demonstrated [4, 5] that the lipophilic fraction of E. globulus 
bark (and particularly its outer fraction) is quite rich in high-value triterpenic acids such 
as ursolic and oleanolic acids (up to 25 g/kg). However, bark is also known to be a 
promising source of phenolic compounds. In fact, several studies have already 
addressed the phenolic composition of wood and barks from several Eucalyptus 
species. Methyl and glycosyl derivatives of ellagic acid and free ellagic and gallic acids 
have already been reported in methanolic extracts from the bark of E. regnans and E. 
globulus [6]. Fechtal and Riedl [7] have also reported the presence of gallic and ellagic 
acid derivatives and catechin in extracts obtained after acid hydrolysis of bark from four 
Eucalyptus species. Conde [8] and Cadahía [9] and respective co-workers detected 
gallic and ellagic acids, vanillin, syringaldehyde, sinapaldehyde, and quercetin in 
methanolic extracts from E. globulus wood and gallic, protocatechuic, vanillic, and 
ellagic acids, protocatechuic aldehyde, taxifolin, eriodictyol, quercetin, and naringenin 
in the corresponding bark. More recently, Vázquez et al. [10] identified some phenolic 
compounds from an aqueous extract of E. globulus bark, including ellagic acid, 
galloylglucose derivatives, and flavonoids and reported also their potential as natural 
antioxidants. Besides this well-known property of phenolic compounds, their interest is 
also based in a wide variety of other valuable properties, namely, anti-inflammatory, 
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antithrombotic, antimicrobial, and antibacterial capacities [11], among others. The 
identification of phenolic compounds in vegetal matrices is a relatively complex task 
due to the wide variety of structures that can be found. Flavonoid glycosides are 
predominant forms of secondary metabolites in plants, in which the flavonoid moiety 
can be bound to up to five different sugar moieties, either through phenolic -OH groups 
in the case of O-glycosides or directly to carbon atoms in ring A of the flavonoid moiety 
in C-glycosides [12]. Other groups of well-known plant phenolic compounds are 
hydrolysable tannins, containing both galloylglucose derivatives and ellagitannins [13]. 
Analysis of these compounds is usually carried out by using high-performance liquid 
chromatography, although gas chromatography and capillary electrophoresis have also 
been employed [13]. All of these techniques are coupled to different detection systems, 
but, mostly, with mass spectrometry, which provides valuable structural information 
about the eluted compounds, especially when multi-stage mass spectrometry 
techniques are available and even when co-elution might occur. Due to the importance 
of phenolic compounds, as well as the interest in their identification and quantification 
in E. globulus bark, the present study reports the detailed characterisation of the 
phenolic fraction of E. globulus methanol, methanol/water, and water bark extracts, 
taking advantage of the use of MS/MS (obtained in a triple quadrupole) and MSn 
(acquired in an ion trap mass spectrometer). 
3.2 Materials and methods 
3.2.1 Chemicals 
Dichloromethane (99% purity), gallic acid (purity > 97.5%), quercetin (purity > 98%), 
and luteolin (purity > 98%) were supplied by Sigma Chemical Co (Madrid, Spain). 
Protocatechuic acid (purity > 97%), chlorogenic acid (purity > 95%), caffeic acid (purity 
> 95%), and naringenin (98% purity) were obtained from Aldrich Chemical Co. (Madrid, 
Spain). HPLC-grade methanol, water, and acetonitrile were supplied from Fisher 
Scientific Chemicals (Loures, Portugal). Formic acid (purity > 98%), methanol (purity > 
99.8%), catechin (purity > 96%), and ellagic acid (96% purity) were purchased from 
Fluka Chemie (Madrid, Spain). Solvents were filtered using a Solvent Filtration 
Apparatus 58061 from Supelco (Bellefonte, PA). 
3.2.2 Raw material 
E. globulus bark samples were taken from 16-year-old E. globulus trees randomly 
harvested from a clone plantation cultivated by RAIZ-Forest and paper Research 
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Institute in Eixo (40º37’ 13 56’’  , 8º34’ 08 43’’ W), region of Aveiro, Portugal. E. 
globulus bark samples were air-dried, until a constant weight was achieved, and 
ground to granulometry lower than 2 mm prior to extraction. 
3.2.3 Phenolic compounds extraction 
About 45 g of dried bark was submitted to a soxhlet extraction with dichloromethane for 
6 h, to remove the lipophilic components [4, 5]. Then, the solid bark residue was 
divided in two fractions (I and II), which followed two distinct extraction pathways. 
Fraction I was submitted to methanol (MeOH) extraction (m/v 1:100) for 24 h, under 
constant stirring, followed by an extraction with water (m/v 1:100) for 24 h, both at room 
temperature. Methanol was then removed from the liquid extracts by low-pressure 
evaporation, and the residues/aqueous solutions were freeze-dried. Fraction II was 
suspended (m/v 1:100) in a methanol/water (MeOH/H2O) mixture, 50:50 (v/v), at room 
temperature, for 24 h under constant stirring. The suspension was then filtered, MeOH 
removed by low-pressure evaporation, and the extract freeze-dried. 
3.2.4 Total phenolic content 
The total phenolic content (TPC) of the extracts was determined by the Folin-Ciocalteu 
method [14, 15]. Two and a half millilitres of Folin-Ciocalteu reagent, previously diluted 
with water (1:10, v/v), and 2 mL of aqueous sodium carbonate (75 g L-1) were added to 
accurately weighed aliquots of the extracts dissolved in 0.5 mL of water for the H2O 
extract and in methanol for the others, corresponding to concentration ranges between 
35 and 500 μg of extract mL-1. Each mixture was kept for 5 min at 50 ºC and, after 
cooling, the absorbance was measured at 760 nm, using a UV-vis V-530 
spectrophotometer (Jasco, Tokyo, Japan). The TPC was calculated as gallic acid 
equivalents from the calibration curve of gallic acid standard solutions (1.5 - 60 0 μg 
mL-1) and expressed as mg of gallic acid equivalent (GAE) g-1 of dry extract. The 
analyses were carried using three aliquots of each extract, measured in triplicate, and 
the average value was calculated in each case. 
3.2.5 HPLC–UV procedure 
HPLC-UV analysis were carried in a Hewlett-Packard (HP) 1050 liquid chromatograph 
(Agilent Technologies, Waldbronn, Germany) equipped with a Rheodyne injector with a 
10 μL loop, a quaternary pumping system, and a UV detector. The column used was a 
Discovery C-18 (15 cm x 2 1 mm x 5 μm) supplied by  upelco (Agilent Technologies)  
The separation of the compounds from E. globulus bark extracts was carried out at 
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room temperature with a gradient elution program at a flow rate of 0.2 mL min-1. The 
mobile phases consisted of water/acetonitrile (90:10, v/v) (A) and acetonitrile (B), both 
with 0.1% of formic acid. The following linear gradient was applied: 0-3 min, 0% B; 3-10 
min, 0-10% B; 10-30 min, 10-20% B; 30-35 min, 20-25% B; 35-50 min, 25-50% B; 50-
60 min, 50-0% B; followed by re-equilibration of the column for 10 min before the next 
run  The injection volume in the  PLC system was 25 μL, and UV-vis detection was 
performed at 280 and 340 nm. Before the injection in the HPLC, each extract was 
dissolved in the same solvent used for extraction (HPLC grade), to obtain a final 
concentration of about 10 mg mL-1, and, then, filtered through a 0 2 μm PTFE syringe 
filter.  
3.2.6 ESI–QqQ–MS analysis 
The HPLC system was coupled to a Micromass spectrometer (Manchester, U.K.), 
operating in negative mode, equipped with an electrospray source and a triple-
quadrupole (QqQ–MS) analyser. The cone and capillary voltages were set at -30.0 V 
and -2.6 kV, respectively. The source temperature was 143 ºC, and the desolvation 
temperature was 350 ºC. MS/MS spectra were obtained using argon as collision gas, 
with the collision energy set between 10 and 45 V. Detection was carried out 
considering a mass range of m/z 50-1000, with a scan duration of 0.5 s. Data 
acquisition was performed using the MassLynx data system (Waters, Milford, MA). 
3.2.7 ESI–IT–MS–MS analysis 
To gather additional MS information about several chromatographic peaks, these were 
manually collected following the conditions discussed above. The ensuing HPLC 
fractions were dissolved in methanol and directly injected into a Linear Ion Trap LXQ 
(ThermoFinnigan, San Jose, CA), also equipped with an ESI interface by means of a 
syringe pump, at flow rate of 8 μL min-1. Optimal ESI conditions were as follows: 
nitrogen sheath gas, 30 psi; spray voltage, 4.7 kV; capillary temperature, 275 ºC; 
capillary voltage, -7.0 V' and tube lens voltage, -71.8 V. CID-MS/MS and MSn 
experiments were performed on mass-selected precursor ions using standard isolation 
and excitation configurations. The collision energy used was in the range of 15 - 40 
(arbitrary units). Data acquisition was carried out with the Xcalibur data system 
(ThermoFinnigan). 
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3.2.8 HPLC–UV quantification 
HPLC–UV calibration curves were obtained by injection of gallic acid, protocatechuic 
acid, catechin, chlorogenic acid, caffeic acid, ellagic acid, quercetin, and naringenin 
standard solutions in MeOH, with five different concentrations between 0.01 and 1.20 
mg mL-1. The relevant data for obtaining the calibration curves is shown in Tale 3.1 
Quantification of individual compounds (Table 3.3) was obtained using the calibration 
data of the most similar standard. Three aliquots of the extract were injected in 
triplicate, and compound concentrations were the average value calculated in each 
case. 
 
Table 3.1 – Calibration data used for the HPLC-UV quantification of phenolic components of E. 
globulus bark extracts 
Compound λ   
(nm) 
Conc. Range 
(mg mL
-1
) 
Calibration curve
a
 R
2
 LOD
b     
 LOQ
c
 
Gallic acid 280 0.01 – 0.60 y = 535985x+1092 0.999 0.021 0.069 
Protocatechuic acid 280 0.05 – 1.20 y = 527991x-5289 1.000 0.029 0.096 
Catechin 280 0.01 – 1.20 y = 100865x+2057 1.000 0.028 0.092 
Chlorogenic acid 280 0.01 – 0.80 y = 229162x-1450 0.999 0.029 0.097 
Caffeic acid 280 0.01 – 0.33 y = 992484x-1804 0.997 0.023 0.075 
Ellagic acid 340 0.01 – 0.44 y = 300168x+3045 0.998 0.023 0.076 
Quercetin 340 0.01 – 0.33 y = 619494x+2454 0.999 0.014 0.046 
Naringenin 280 0.01 – 0.28 y = 722267x+1939 0.998 0.016 0.052 
a
 y = peak area, x = concentration in mg mL
-1
; 
b
 LOD: limit of detection, expressed in mg mL
-1
; 
c 
LOQ: limit 
of quantification, expressed in mg mL
-1 
 
3.3 Results and discussion 
3.3.1 Extraction yields and total phenolic content 
The extraction yield of E. globulus bark obtained with MeOH/H2O (9.28%) is lower than 
the sum of the extraction yields for MeOH (8.24%) and water (1.93%) (Table 3.2). The 
MeOH and MeOH/H2O extraction yield values reported here are considerably higher 
than those recently published for E. globulus bark extracts [16]; however, the extraction 
conditions applied were different, including the temperature, time of extraction, and 
solid/liquid ratio. The total phenolic contents of the three extracts of E. globulus bark 
(Table 3.2), determined by Folin-Ciocalteu method, accounted for 115.3±0.50, 
409.7±2.76, and 413.8±5.27 mg GAE g-1 in water, MeOH, and MeOH/H2O extracts, 
respectively, demonstrating that MeOH and MeOH/H2O extracts have similar TPCs and 
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that, jointly, in the sequential extraction with MeOH followed by water, this last solvent 
adds 20% more TPC in comparison to the single step extraction with MeOH/H2O. 
Finally, the reported phenolic contents are in the range of those previously reported for 
E. globulus bark extracts [16]. 
 
Table 3.2 – Extraction yield and total phenolic content of E. globulus bark extracts 
Extracts Extraction yield 
(%) 
Total phenolic content 
(mg GAE
a
 g
-1
 of extract) 
MeOH 8.24 409.7 ± 2.76 
H2O 1.93 115.3 ± 0.50 
MeOH/H2O 9.28 413.8 ± 5.27 
               a
 GAE: gallic acid equivalents 
 
3.3.2 Identification of phenolic compounds 
The identification of the components of the MeOH, H2O, and MeOH/H2O extracts was 
carried out by HPLC–UV, HPLC-MS/MS, and, in some cases, MSn using distinct 
equipment, as described above. The UV chromatogram of MeOH/H2O extract recorded 
at 340 nm is shown in Figure 3.1 
 
Figure 3.1 – HPLC-UV chromatogram of MeOH/H2O extract of E. globulus bark at 340 nm 
Table 3.3 summarizes the phenolic compounds characterised in each extract, their 
retention time, the molecular ion [M–H]-, and the main product ions obtained by HPLC–
MS/MS and in some cases by MSn. Compounds were identified by comparing their 
fragmentation profiles with reference compounds run under the same experimental 
conditions, or, when standards were not available, their identifications were 
corroborated with the literature as indicated in Table 3.3 and discussed bellow.  
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Table 3.3 – Phenolic compounds identified in E. globulus bark extracts and corresponding MS/MS and MS
n
 fragmentation profiles 
Peak 
no. 
Rt 
(min) 
Compound [M–H]
-
  
(m/z) 
QqQ–MS/MS product 
ions                       
(m/z) 
IT–MS
n
 product ions  
(m/z) 
Identified Presence in 
Eucalyptus 
species
d
 
1 3.2 Quinic acid
a
 191 173, 111, 87, 85 MS
2
: 173, 149, 127, 111, 93, 85 [17] RFE  
2 3.8 Gallic acid 169 125 - Co
b
 Egl b, w, l, f, Eca Eru 
l, Ere b, w [18] 
3 5.1 dihydroxyphenylacetic acid
a
 167 123 - [19] RFE 
4 5.7 Protocatechuic acid 153 109 - Co Egl b [8] Egl Eca Eru 
b [20], l [21]  
5 10.1 bis-HHDP–glucose
a
 783  MS
2
: 481
c
, 301; MS
3
: 301, 275 [18] Egl f, Eni w, Eco Evi l 
[18] 
6 11.2 Methyl gallate 183 168, 124 - [22] Egl b [23] 
7 12.4 Catechin 289 245, 205, 203, 125, 109 - Co Egl l [11], b [10, 23], 
w [6], Ere b, w [6] 
8 13.2 Chlorogenic acid 353 191 - Co Egl b, w [6] Ecy l [24] 
9 13.9 Galloyl-bis-HHDP–glucose
a
 935 935, 633, 301, 300, 275 MS
2
: 633; MS
3
: 481, 299, 275 [18, 25] Egl f, Eni w Eal f [18] 
10 14.4 Galloyl-HHDP–glucose
a
 633 301 MS
2
: 615, 481, 463, 421, 301, 275; MS
3
: 
257, 229 
[18] Egl f, Eni w Eco l [18] 
11 14.9 Caffeic acid
a
 179 135 - Co Ehy l [26] 
12 15.6 Digalloylglucose 483 313, 169 MS
2
: 331, 327, 313, 169; MS
3
: 271, 211, 
193, 169, 125 
[18] Egl b [10], Egl f, Eni 
w Eco l [18] 
13 19.3 Isorhamnetin-hexoside
a
 477 315 MS
2
: 315; MS
3
: 300; MS
4
: 271, 272, 244 [27] RFE  
14 19.8 Ellagic acid 301 229, 185, 173, 157, 146 - Co Esp b, f, l, w [18] 
15 20.7 Taxifolin 303 285, 177, 151, 125 - [28] Egl b [8, 20, 23] 
16 21.7 Quercetin-hexoside
a
 463 301, 300 MS
2
: 301; 300; MS
3
: 179, 151 [29] Egl f, l, Eca Eru l Egu 
h [18] 
17 22.9 Methyl-ellagic acid-pentoside
a
 447 315 MS
2
: 315; MS
3
: 300 [18] Egl f [18] 
  
 
Peak 
no. 
Rt 
(min) 
Compound [M–H]
-
  
(m/z) 
QqQ–MS/MS product 
ions                       
(m/z) 
IT–MS
n
 product ions  
(m/z) 
Identified Presence in 
Eucalyptus 
species
d
 
18 23.8 Myricetin-rhamnoside
a
 463 317 - [30] RFE  
19 24.9 Isorhamnetin-rhamnoside
a
 461 315 MS
2
: 315; MS
3
: 300; MS
4
: 272, 244 [31] RFE  
20 26.6 Aromadendrin-rhamnoside 433 287, 269, 259, 180, 
179, 151 
MS
2
: 287; 269; MS
3
: 259; MS
4
: 241, 215, 
125 
[28] Egl b [23] 
21 28.4 Mearnsetin
a
 331 316 MS
2
: 316; MS
3
: 287, 271; MS
4
: 259 [32] RFE 
22 29.4 Phloridzin
a
 435 273 MS
2
: 273; MS
3
: 167; MS
4
: 123 [33] RFE 
23 30.9 Mearnsetin-hexoside
a
 493 331 MS
2
: 331; MS
3
: 316; MS
4
: 287, 271, 244; 
MS
5
: 259 
[32] RFE 
24 33.1 Eriodictyol 287 151, 135, 107 - [28] Egl b [8, 23] 
25 33.8 B-type proanthocyanidin dimer
a
 577  MS
2
: 451, 425, 407, 289, 287; MS
3
: 245, 205 [30, 34] RFE  
26 34.8 Luteolin
a
 285 175, 151, 133 - Co Egl Eca l [21], Eca b 
[20] 
27 35.2 Quercetin 301 179, 165, 151, 121, 107 - Co Egl b [8, 23] 
28 37.7 Isorhamnetin 315 300, 272, 271 - [27] Egl b [8, 10] 
29 40.5 Naringenin 271 177, 151, 119, 107 - Co Egl b [8, 20], Eca b 
[20], Eru l [21] 
a
compounds identified for the first time in E. globulus bark; 
b
Co = co-injection of the authentic standard; 
c
m/z in bold was subjected to MS
n
 analysis; 
d
 n: Egl- E. globulus, Eca- 
E. camaldulensis, Eru- E. rudis, Ere- E. regnans, Eni-E. nitens, Eco- E. consideniana, Evi- E. viminalis, Ecy- E. cypellocarpa, Egu- E. gunnii, Eal-E. alba, Ehy- Eucalyptus 
hybrids, Esp- Eucalyptus species; b-bark, l-leaves, f-fruits, w-wood, h-hook; RFE- Reported for the first time in Eucalyptus species 
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3.3.2.1 Phenolic acids and esters 
Compound 1 was assigned to quinic acid, due to its [M-H]- ion at m/z 191 yielding 
characteristic product ions at m/z 173, 111, 87 and 85, upon dissociation [17]. 
Compounds 2, 4 and 9 were identified as gallic, protocatechuic and caffeic acids 
(Figure 3.2), respectively, by comparing their retention times and fragmentation 
pathways observed in the MS/MS spectra (QqQ) with those of the corresponding 
reference compounds. These phenolic compounds showed the typical loss of the 
carboxylic group (-44 Da, -CO2). Compound 3 was identified as dihydroxyphenylacetic 
acid (Figure 3.2), due to its [M-H]- ion at m/z 167, that cleaves, under MS/MS 
conditions, with formation of the ion at m/z 123, indicating the loss of a carboxylic group 
(-44 Da, -CO2) [19]. 
 
Figure 3.2 – Structures of a) phenolic acids and b) phenolic esters identified in E. globulus bark 
Peak 6 matches with methyl gallate (Figure 3.2), with [M-H]- ion at m/z 183, which, 
upon dissociation shows characteristic product ions at m/z 168 and 124, due to the 
consecutive loss of the methyl group (-15 Da, -CH3) and of the carboxylic acid group (-
44 Da, -CO2), respectively [22]. Figure 3.3 shows the MS/MS spectrum (QqQ) and the 
fragmentation pathway of this phenolic ester. 
The fragmentation pathways observed and the retention time of compound 8 matched 
to those of an authentic standard of chlorogenic acid, for which the main product ion is 
observed at m/z 191, assigned to the quinic acid moiety.  
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Figure 3.3 – a) MS/MS spectrum and b) fragmentation pathways of methyl gallate 6 
 
3.3.2.2 Flavonoids 
Flavonoid fragmentation pathways are recognized by the typical retro-Diels-Alder 
fissions [35], the main product ions of which observed in this study are shown in Figure 
3.4, using the nomenclature adapted from that proposed by Ma et al. [36].  
 
Figure 3.4 – Fragmentation nomenclature for [M–H]
-
 flavonoids (adapted from [35, 36]). The 
superscripts on the left of the A or B ring indicate the broken C-ring bonds. 
Flavanols: Compound 7 corresponds to catechin (Figure 3.5), as confirmed by co-
injection with a standard. Its [M-H]- ion, at m/z 289, and the respective fragmentation 
pathway of this flavan-3-ol, with formation of the ions at m/z 245 [M-H-CO2]
- and at m/z 
205, 125 [1,4A]- and 109 (B ring), correspond to typical cleavage of flavonoid rings [35]. 
Compound 25 was identified as a B-type proanthocyanidin dimer (Figure 3.5) with [M-
H]- ion at m/z 577. The corresponding MSn spectra show the product ions at m/z 425, 
with a loss of 152 mass units, characteristic of the retro-Diels-Alder fission [34], at m/z 
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407 [M-H-C8H8O3-H2O]
-, and also the two product ions at m/z 289 and 287, which 
correspond to the two flavanol monomeric units [28, 30]. Furthermore, the MS3 of the 
ion at m/z 289 generates the characteristic product ions of catechin.  
Flavonols: Peak 21 was assigned to free mearnsetin (Figure 3.5), based on its [M-H]- at 
m/z 331 and on its fragmentation patterns, showing a loss of a methyl group (product 
ions at m/z 316) and the typical cleavage of the flavonoid moiety during fragmentation 
(product ions at m/z 287 [M-H-CH3-HCO]
- and 259 [M-H-CH3-HCO-CO]
-) [32]. Peak 27 
was identified as quercetin (Figure 3.5), based on the matching of the retention time, as 
well as the fragmentation pattern, with those of an authentic standard. Peak 28 was 
identified as isorhamnetin (Figure 3.5), based on the dissociation of its [M-H]- ion at m/z 
315, which generates the product ions at m/z 300 [M-H-CH3]
-.and 272 [M-H-CH3-CO]
-, 
characteristic of this compound [27]. 
 
Figure 3.5 – Structures of a) flavanols, b) flavonols, c) flavanones, d) flavones identified in E. 
globulus bark 
Flavones: Compound 26 was identified as luteolin (Figure 3.5), based on the [M-H]- at 
m/z 285, on the product ions observed in the MS/MS spectrum at m/z 175 [M-H-C3O2-
C2H2O]
-, 151 [1,3A]- and 133 [1,3B]- and on the retention time, that matched to authentic 
standard. 
Flavanones: Peak 15 was identified as taxifolin (Figure 3.5), due to its [M-H]- ion at m/z 
303 and the subsequent fragmentation, that yield ions at m/z 285 [M-H-H2O]
-, 177 [M-
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H-ring B]-, 151 [1,3A]- and 125 [1,4A]-, corresponding to the typical fragmentation 
pathways of flavonoids [35]. Peak 24 was assigned as eriodictyol (Figure 3.5), based 
on the [M-H]- ion at m/z 287 and on its dissociation, that leads to the ion at m/z 151 
[1,3A]-, typical of flavonoid-type structures, resulting from a retro Diels-Alder cleavage of 
the heterocyclic ring C [28, 35]. Peak 29 was identified as naringenin after comparing 
its [M-H]- ion at m/z 271, the corresponding fragmentation to the ions at m/z 177 [M-H-
ring B]-, 151 [1,3A]-, 119 [1,3B]- and 107 [1,3A-CO2]
-, and its retention time with those of an 
authentic standard. 
3.3.2.3 Flavonoid glycosides 
Compound 13 was identified as isorhamnetin-hexoside (Figure 3.6), based on its [M-H]- 
at m/z 477 and on the corresponding loss of 162 mass units, which corresponds to the 
loss of a glucose or galactose unit, and the ion at m/z 315, corresponding to 
isorhamnetin aglycone [27]. The MSn spectra and fragmentation pathway of 
isorhamnetin-hexoside is shown in Figure 3.7. 
 
Figure 3.6 – Structures of flavonoid glycosides identified in E. globulus bark 
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Figure 3.7 – MS
n
 spectra (left) and fragmentation pathway (right) of isorhamnetin-hexoside 13 
Peak 16 was identified as quercetin-hexoside (Figure 3.6), since the MS2 of the [M-H]- 
at m/z 463 generates the ion at m/z 301, evidently produced by the loss of an hexose 
moiety [M-H-162]-, which could correspond to a galactoside or glucoside unit [29]. On 
the other hand, the dissociation of the aglycone, observed in the MS3 spectrum, yielded 
ions at m/z 179 and 151, corresponding to the fragmentation pathways of a quercetin 
standard (as described above). The MSn spectra and fragmentation pathways of 
isorhamnetin-hexoside is shown in Figure 3.5. Peak 18 is proposed to correspond to 
myricetin-rhamnoside (Figure 3.6), since the fragmentation pathway observed for the 
[M-H]- ion at m/z 463 [M-H]- shows the loss of a rhamnose unit and the ion generated 
correspond to the myricetin aglycone [30]. Peak 19 is assigned to isorhamnetin-
rhamnoside (Figure 3.6), with its [M-H]- at m/z 461 showing the loss of 146 Da, which 
indicate the presence of a rhamnose sugar unit. The MS3 (315→300) and   4 
(300→272, 244) fragmentation pathways obtained by IT-MS also correspond to the 
isorhamnetin aglycone (as described above). Likewise, peak 20 was assigned to 
r-sonia-a-MeOH-2 MS477 #49-73 RT: 0,44-0,71 AV: 25 NL: 4,74E2
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aromadendrin-rhamnoside, with its [M-H]- at m/z 433 generating, in the MS2 spectrum, 
the ion at m/z 287, due to the loss of a rhamnose unit [M-H-146]-. Furthermore, the MSn 
spectra of the ion at m/z 287, obtained in the ion trap, show the typical fragmentation of 
aromadendrin aglycone, generating the product ions at m/z 259 [M-H-CO]- and 125 
[1,4A]- [28].  
Compound 22 was identified as phloridzin (Figure 3.6), the glucosidic form of phloretin, 
with its [M-H]- ion at m/z 435 yielding the product ion at m/z 273, corresponding to the 
loss of the glucose unit [M-H-162]-. In addition, the MS3 of the aglycone at m/z 273 
shows the typical loss of the B ring unit, generating the product ion at m/z 167 [33]. 
Peak 23 was assigned to mearnsetin-hexoside (Figure 3.6), with its molecular ion at 
m/z 493 dissociating to a product ion at m/z 331, by the loss of a hexose unit. The MSn 
of the aglycone obtained by IT–MS, until MS5, shows the characteristic dissociation of 
mearnsetin (493→331→316→287, 271  287→259), as described above [32].  
Although some authors reported the possibility of differentiating flavonoid glycoside 
positional isomers on the basis of mass spectrometry data [12, 29], such differentiation 
was not unambiguously possible in the present study. However, the 7-O-glycosidic unit 
linkage, one of the most typical [12], was assumed for the structures presented in 
Figure 3.4. 
3.3.2.4 Ellagic acid and derivatives 
Compound 14 was identified as ellagic acid (EA) (Figure 3.8), after comparison of its 
retention time and fragmentation pathways with those of an authentic standard.  
 
Figure 3.8 – Structures of ellagic acid 14 and methyl-ellagic acid-pentoside 17  
Compound 17 shows an [M–H]- ion at m/z 447, which, on the basis of the molecular 
weight, could be either a methyl-EA-pentoside, an EA-rhamnoside, or an isorhamnetin-
pentoside. However, the presence in the MS2 and MS3 spectra of the ions at m/z 315 
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(–132 Da, –pentose) [18] and at m/z 300 (–15 Da, –CH3), respectively, allow the 
identification of this compound as methyl-EA-pentoside (Figure 3.8). Thus, the 
identification is also confirmed by the absence of the product ions at m/z 271 (which 
excludes the isorhamnetin algycone), and at m/z 229 and 185 (which exclude ellagic 
acid). 
3.3.2.5 Galloylglucose derivatives and ellagitannins 
Compound 12 was assigned to digalloylglucose isomer (Figure 3.9), with its [M–H]- at 
m/z 483 showing product ions at m/z 313 (loss of a galloyl moiety) and at m/z 169 
(gallic acid deprotonated ion). In this case, as well as for compound 10, one of the 
galloyl units should be linked to C-1, as only a single HPLC peak is observed [37]. 
 
Figure 3.9 – Structures of galloylglucose derivatives and ellagitannins identified in E. globulus 
bark 
Compound 5 showed the characteristic fragmentation pathway of an ellagitannin with a 
[M–H]- at m/z 783 and the MS2 spectrum showing ions at m/z 481 (loss of HHDP) and 
at m/z 301 (loss of HHDP-glucose). This allowed to identify the compound as bis-
HHDP-glucose (Figure 3.9) [18]. Identification was corroborated by the MS3 spectrum 
(481→301), confirming the loss of a glucose unit from this precursor ion. Compound 9 
was identified also as an ellagitannin, a galloyl-bis-HHDP-glucose (Figure 3.9), 
because its [M-H]- ion at m/z 935 is typical for ellagitannins with this structure. 
Furthermore, the MS/MS spectrum shows the ions at m/z 633 (–302 Da, –HHDP) and 
at m/z 301 [HHDP–H]-, due to the loss of the HHDP and galloyl and glucose units. This 
identification was corroborated by the MS3 (633→481), obtained in the ion trap, which 
shows the loss of a galloyl group [18]. Compound 10 was presumed to be an isomer of 
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galloyl-HHDP-glucose (Figure 3.9). The fragmentation of the molecular ion [M–H]- at 
m/z 633 (Figure 3.10) yields the product ions at m/z 481, due to the loss of the galloyl 
group, and at m/z 301, corresponding to the HHDP unit after lactonisation to ellagic 
acid [18].  
 
Figure 3.10 – MS
n
 spectra of galloyl-HHDP-glucose 11: a) MS
2
 of the ion at m/z 633; b) MS
3
 of 
the ion at m/z 301 
The fragmentation pathway of a galloyl-HHDP-glucose isomer is illustrated in Figure 
3.11.  
To the best of our knowledge, a total of 16 compounds are reported here for the first 
time as E. globulus bark components, namely, quinic 1, dihydroxyphenylacetic 3 and 
caffeic 11 acids, bis-HHDP-glucose 5, galloyl-bis-HHDP-glucose 9, galloyl-HHDP-
glucose 10, isorhamnetin-hexoside 13, quercetin-hexoside 16, methyl-EA-pentoside 
17, myricetin-rhamnoside 18, isorhamnetin-rhamnoside 19 mearnsetin 21, phloridzin 
22, mearnsetin-hexoside 23, luteolin 26, and a proanthocyanidin B-type dimer 25. 
Although some of these compounds, namely, bis-HHDP-glucose 5, galloyl-bis-HHDP-
glucose 9, galloyl-HHDP-glucose 10, quercetin-hexoside 16, and methyl-EA-pentoside 
17, have already been reported as constituents of other morphological parts of E. 
globulus, such as the leaves and fruits [18], no reference has been made to the bark. 
Furthermore, proanthocyanidins were already referenced as constituents of E. globulus 
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bark [9], however, B-type dimers have never been reported. In addition, Kim et al. [38] 
and Yazaki et al. [6] identified six ellagic acid derivatives in E. globulus bark, but none 
of them as a methyl-EA-pentoside.  
Among the phenolic compounds identified for the first time in E. globulus bark, eight 
are reported for the first time as components of the Eucalyptus genus (Table 3.3), 
namely, quinic acid 1, isorhamnetin-hexoside 13, myricetin-rhamnoside 18, 
isorhamnetinrhamnoside 19, mearnsetin 21, phloridzin 22, mearnsetin-hexoside 23, 
and a B-type proanthocyanidin dimer 25. Finally, to our knowledge, the detailed 
phenolic composition of the MeOH/H2O (50:50) extract of E. globulus bark is reported 
here for the first time, although its total phenolic content and antioxidant activity have 
been previously reported [16]. 
 
Figure 3.11 – Fragmentation pathway of an isomer of galloyl-HHDP-glucose 10 [18] 
3.3.3 HPLC quantification of phenolic compounds 
The phenolic content of each extract quantified by HPLC, expressed in mg g-1 of 
extract and in mg kg-1 of bark, is shown in Table 3.4. In relation to the extracts 
composition, the single MeOH/H2O extraction step shows abundances of the identified 
compounds in the extracts globally higher than those obtained with MeOH, but lower 
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than the total obtained in the sequential extraction with MeOH followed by water. 
However, the total amount of identified compounds per kilogram of bark is clearly 
higher in the case of the MeOH/H2O extract (∼10.9 g kg
-1), when compared to the sum 
of the other two (∼8.4 g kg-1), demonstrating, clearly, the advantage of this single step 
extraction.  
This study showed that digalloylglucose 12 is the main compound in the MeOH and 
MeOH/H2O extracts, with values of 17.95 and 17.77 mg g
-1 of extract, respectively, 
followed by isorhamnetin-rhamnoside 19 (9.79 mg g-1 of extract) and galloyl-HHDP-
glucose 10 (9.27 mg g-1 of extract) in the MeOH extract, and by catechin 7 (14.23 mg g-
1 of extract) and chlorogenic acid 8 (13.36 mg g-1 of extract) in the MeOH/H2O extract. 
It should be highlighted that the same compounds were detected in both MeOH and 
MeOH/H2O extracts.  
The water extract was found to have considerably lower amounts of phenolic 
compounds, with catechin 7 (15.94 mg g-1 of extract), galloyl-hexahydroxydiphenoyl-
glucose 10 (9.04 mg g-1 of extract), and digalloylglucose 12 (6.35 mg g-1 of extract) as 
the major components.  
These results allow verification that MeOH/H2O extraction shows to be the most 
promise to extract phenolic compounds from E. globulus bark, as, in general, it allows 
in a single step higher extraction yields of identified compounds per mass of bark. In 
contrast with the results obtained, ellagic acid has been previously reported as the 
major component on the ethyl ether extracts after MeOH/H2O (80:20) extraction of E. 
globulus bark [8, 20], however, in lower quantities than detected in this study for MeOH 
and MeOH/H2O (∼5 mg g
-1 of extract). In fact, the abundance of this compound is 
considerably lower than those mentioned above for the more abundant compounds 
detected. These quantitative differences in chemical composition could be derived from 
the well-known variability of E. globulus extractives composition [9, 39] with geographic 
origin, age of the tree, and part of the tree from which the bark was collected, among 
others, and also the differences in extraction procedures and analytical methodology. 
  
Table 3.4 – Abundance of phenolic components identified in E. globulus bark extracts 
Peak 
no. 
Compound λ 
(nm) 
Phenolic content 
(mg g
-1
 of extract) 
Phenolic content 
(mg kg
-1
 of bark) 
MeOH H2O MeOH/H2O MeOH H2O MeOH/H2O 
1 Quinic acid
a
 280 1.46 2.47 1.50 120.34 47.64 139.51 
2 Gallic acid
a
 280 3.41 3.52 8.83 280.84 67.86 819.48 
3 dihydroxyphenylacetic acid
a
 280 - 0.38 - - 7.29 - 
4 Protocatechuic acid
b
 280 1.62 2.80 2.09 133.10 53.96 194.14 
5 bis-HHDP–glucose
a
 280 0.68 0.83 1.02 56.35 16.06 94.30 
6 Methyl gallate
a
 280 0.68 2.43 1.50 56.18 46.95 139.25 
7 Catechin
c
 280 6.57 15.94 14.23 541.56 307.75 1320.59 
8 Chlorogenic acid
d
 280 5.98 5.24 13.36 492.92 101.04 1239.46 
9 Galloyl-bis-HHDP–glucose
a
 280 7.23 4.99 4.85 595.89 96.34 450.37 
10 Galloyl-HHDP–glucose
a
 280 9.27 9.04 6.86 764.15 174.42 637.04 
11 Caffeic acid
e
 280 - 5.03 - - 97.02 - 
12 Digalloylglucose
a
 280 17.95 6.35 17.77 1479.42 122.64 1648.91 
13 Isorhamnetin-hexoside
f
 340 1.53 traces 1.08 126.38 traces 99.89 
14 Ellagic acid
g
 340 4.95 traces 5.08 407.99 traces 471.04 
15 Taxifolin
h
 280 1.48 - 7.78 121.66 - 721.58 
16 Quercetin-hexoside
f
 340 0.15 - 0.63 12.16 - 58.77 
17 Methyl-ellagic acid-pentoside
g
 340 traces - traces traces - traces 
18 Myricetin-rhamnoside
f
 340 0.20 - 0.14 16.41 - 13.31 
19 Isorhamnetin-rhamnoside
f
 340 9.79 0.17 10.00 806.57 3.29 927.64 
20 Aromadendrin-rhamnoside
h
 280 traces - 0.79 traces - 73.52 
  
Peak 
no. 
Compound λ 
(nm) 
Phenolic content 
(mg g
-1
 of extract) 
Phenolic content 
(mg kg
-1
 of bark) 
MeOH H2O MeOH/H2O MeOH H2O MeOH/H2O 
21 Mearnsetin
f
 340 0.34 - 0.38 27.76 - 35.30 
22 Phloridzin
h
 280 traces - 0.75 traces - 69.89 
23 Mearnsetin-hexoside
f
 340 1.07 - 1.30 88.10 - 121.12 
24 Eriodictyol
h
 280 
6.90
i(24+25)
 
traces 
7.91
i(24+25)
 568.53
i(24+25)
 
traces 
733.86
i(24+25)
 
25 B-type Proanthocyanidin dimer
h
 280 - - 
26 Luteolin
f
 340 2.31
i(26+27)
 - 3.66
i(26+27)
 190.08
i(26+27)
 - 340.00
i(26+27)
 
27 Quercetin
f
 340 - - 
28 Isorhamnetin
f
 340 3.98 - 4.65 327.80 - 431.63 
29 Naringenin
h
 280 0.79 - 0.76 65.17 - 70.92 
 Total (mg g
-1
 of extract / mg kg
-1
 of bark)  88.34 59.18 116.93 7279.34 1142.26 10851.52 
Results correspond to the average value estimated from the injection of three aliquots analysed in triplicate (standard deviation less of 5%).  
Calibrations curved used:
 a 
Gallic acid, 
b 
Protocatechuic acid, 
c 
Catechin, 
d 
Chlorogenic acid, 
e
 Caffeic acid, 
f 
Quercetin, 
g 
Ellagic acid, 
h 
Naringenin; 
 
i 
Sum of the phenolic content by partial overlapping 
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3.4 Conclusions 
The phenolic composition of methanol, water, and methanol/water extracts of 
Eucalyptus globulus Labill. bark were analysed and compared. Twenty-nine phenolic 
compounds were identified, among which, digalloylglucose was the most abundant in 
methanol and methanol/water extracts, followed by isorhamnetin-rhamnoside in the 
methanol extract and by catechin in the methanol/water extract. Catechin and galloyl-
HHDP-glucose were identified as the predominant components of water extract. 
Sixteen of the phenolic compounds identified were referenced for the first time as 
constituents of E. globulus bark, namely, quinic, dihydroxyphenylacetic, and caffeic 
acids, bis-hexahydroxydiphenoyl (HHDP)-glucose, galloyl-bis-HHDP-glucose, galloyl-
HHDP-glucose, isorhamentin-hexoside, quercetin-hexoside, methyl-ellagic acid (EA)-
pentoside, myricetin-rhamnoside, isorhamnetin-rhamnoside, mearnsetin, phloridzin, 
mearnsetin-hexoside, luteolin, and a proanthocyanidin B-type dimer. Methanol/water 
extraction showed to be the most efficient to isolate phenolic compounds identified in 
E. globulus bark. 
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Abstract 
The supercritical fluid extraction (SFE) of phenolic compounds from Eucalyptus 
globulus bark was carried out along with detailed analysis of the extracts for the first 
time. The extracts were accessed in terms of: (i) extraction yield (EY), (ii) total phenolic 
content by Folin-Ciocalteu method (TPC), (iii) phenolic compounds quantified by high-
performance liquid chromatography (PC-HPLC), and (iv) antioxidant activity (AA). 
Preliminary runs were performed with pure and modified CO2, using ethanol (EtOH), 
ethyl acetate, and water. The CO2/EtOH mixture provided the best extraction yield, high 
total phenolic content and antioxidant activity. Results also demonstrated high 
selectivity of the CO2/EtOH mixture to the extraction of flavanones, particularly 
eriodictyol and naringenin; and to the O-methylated flavonol isorhamnetin, also found in 
abundance. To analyse the influence of temperature, ethanol content and flow rate on 
SFE at 300 bar using CO2/EtOH, a full 2
3 design of experiments was accomplished. 
The most favourable conditions under the experimental range studied were found as 
70 ºC, 20% ethanol, and 10 g CO2 min
-1, for which EY = 0.48%, TPC = 57.22 mg of 
gallic acid equivalents (GAE) g-1 of extract, PC-HPLC = 119.46 mg g-1 of extract, and 
AA = 49.74 mg of ascorbic acid equivalents (AAE) g-1 of extract. 
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3.5 Introduction 
Pulp industries generate large amounts of biomass residues, particularly bark, which 
are simply burned for energy production, which in the case of E. globulus represents 
around 11% of the stem dry weight [1]. The enormous potential for the up-grading of 
this unexploited renewable resource lead in the last years to several studies about its 
composition. The lipophilic fraction of E. globulus outer bark has shown to be quite rich 
in high value triterpenic acids, such as ursolic and oleanolic acids [2, 3]. The phenolic 
fraction of Eucalyptus bark has also been attracting interest, mostly due to the wide 
variety of the well known properties of these compounds, including antioxidant, anti-
inflammatory, antithrombotic, among others [4]. Recently a detailed study on the 
phenolic composition of E. globulus bark was done, by carrying out conventional solid-
liquid extractions followed by HPLC-MS analyses of the extracts. This approach 
allowed the identification of 29 phenolic compounds, 16 of which were reported for the 
first time as E. globulus bark constituents (Chapter 3-Part A) [5]. Furthermore, the 
detailed composition of several other economically important Eucalyptus species like E. 
grandis, E. urograndis and E. maidenii were also published [6]. 
The extraction of phenolic fractions is normally accomplished with methanol:water 
mixtures, which enables high gravimetric yields but fairly non selective and complex 
extracts. Therefore, the utilization of more selective and environmentally friendly 
separation techniques is welcome in order to increase the value of these extracts. 
Nowadays, the supercritical fluid extraction (SFE) using carbon dioxide is widely used 
as a sustainable process in wide variety areas, including the food industry, pharmacy 
and environmental engineering [7]. However, due to its non-polarity, CO2 is not efficient 
for polar (e.g. phenolic compounds) molecules extraction. The introduction of modifiers, 
such as ethanol, methanol or water, enhances the solvating power of CO2, which may 
increase the selectivity and extraction yield of target compounds [8-10]. 
In this work one focuses the supercritical fluid extraction of phenolic compounds of E. 
globulus bark using carbon dioxide modified with ethanol, ethyl acetate, and water. 
Results are compared with those obtained by conventional solid-liquid extraction with 
methanol:water and ethanol:water mixtures. From preliminary results, the most 
favourable co-solvent was selected and then utilised in the experiments carried out to 
optimise the SFE of phenolic compounds via statistical design of experiments. The 
efficiency of all processes was evaluated based on extraction yield (EY), total phenolic 
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content by Folin-Ciocalteu method (TPC), antioxidant activity (AA), and individual 
phenolic compounds quantified by HPLC (PC-HPLC). 
3.6 Materials and methods 
3.6.1 Chemicals 
Carbon dioxide was purchased from Praxair (Portugal). Dichloromethane (99% purity), 
gallic acid (purity higher than 97.5%), quercetin (purity higher than 98%), Folin-
Ciocalteu’s phenol reagent, 3,5-di-tert-4-butylhydroxytoluene (BHT) (purity higher than 
99%) and 2,2-diphenyl-1-picrylhydrazyl hydrate (DPPH) were supplied by Sigma 
Chemical Co (Madrid, Spain). Protocatechuic acid (purity higher than 97%), and 
naringenin (98% purity) were obtained from Aldrich Chemical Co (Madrid, Spain). 
Sodium carbonate (99.9% purity) was supplied by Pronalab (Lisbon, Portugal). Formic 
acid (purity higher than 98%), methanol (purity higher than 99.8%), and ellagic acid 
(96% purity) were purchased from Fluka Chemie (Madrid, Spain). Ethanol (99.5% 
purity) was purchased from Panreac Quimica S.A. (Barcelona, Spain). Ethyl acetate 
(99.6% purity) was supplied by Acros Organic. HPLC-grade methanol, water, and 
acetonitrile were supplied from Fisher Scientific Chemicals (Loures, Portugal) and 
further filtered using a Solvent Filtration Apparatus 58061 from Supelco (Bellefonte, 
PA, USA). 
3.6.2 Raw material 
E. globulus bark was taken from 16-year-old E. globulus trees randomly harvested from 
a clone plantation cultivated by RAIZ–Forest and Paper Research Institute in Eixo 
(40º37’13 56’’ , 8º34’08 43’’W), region of Aveiro, Portugal  Eucalyptus bark was air 
dried until constant weight and grounded to granulometry lower than 2 mm prior to 
extraction. The dried bark was submitted to soxhlet extraction with dichloromethane for 
6 hours to remove the lipophilic components [2, 3]. 
3.6.3 Solid-liquid extractions 
After the dichloromethane extraction, the solid bark residues were suspended (1:100 g 
mL-1) in methanol:water (MeOH/H2O) or ethanol:water (EtOH/H2O) 50:50 (v/v) mixtures 
at room temperature for 24 hours under constant stirring [5]. The suspensions were 
then filtered, the MeOH or EtOH evaporated under vacuum, and the extracts freeze 
dried. 
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3.6.4 Supercritical fluid extraction 
3.6.4.1 Supercritical fluid apparatus 
Supercritical fluid extractions were performed using the pilot unit Helix SFE System 
supplied by Applied Separations Inc. (Allentown, PA, USA), which is schematically 
represented in Figure 3.12. It consists in a 5 x10-4 m3 stainless steel extractor, whose 
temperature is controlled via a thermocouple, a CO2 pump, a LabAlliance (Malaysia) 
series 1500 HPLC pump for co-solvent, and a refrigerated stainless steel collection 
vessel. For each experiment the extraction column was fed with 40 g of bark, 
previously extracted with dichloromethane. After a static period of 10 minutes, each 
extraction was carried out until final consumption of 1.8 kg of CO2. The extracts were 
collected in ethanol and evaporated under nitrogen. 
 
Figure 3.12 – Supercritical fluid extraction unit 
 
3.6.4.2 SFE with pure and modified carbon dioxide 
A few preliminary SFE experiments were carried out in order to evaluate the 
performance of different co-solvents in the removal of our target compounds. The 
experimental conditions were 300 bar, 70 ºC, and CO2 flow rate of 8 g min
-1, during 225 
min. The carbon dioxide was used pure and modified with 15% of ethanol (CO2/EtOH), 
15% of ethyl acetate (CO2/EtOAc), or 2% of water (CO2/H2O). The co-solvents contents 
were fixed according to literature data for the critical properties of these binary mixtures 
[11-13]. 
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3.6.4.3 SFE design of experiments 
In order to determine the factors that influence the extraction process and the 
relationships between them, a 23 full factorial design was performed with three center 
points. Temperature (T), ethanol content (EtOH), and CO2 flow rate (Q) were the 
selected variables. The general model for the response Y is the following polynomial:  
 
(3.1) 
where b0 is a constant that fixes the response at the central point of the experiment, bi 
are the regression coefficients for the linear effect terms, bij are the coefficients of the 
interaction effect terms, and Xi represent the normalised independent variables. The 
coded and uncoded Xi values are shown in Table 3.8. Statistical calculations and 
analysis were carried out using STATGRAPHICS PLUS 5.1 (1994-2001, Statistical 
Graphics Corp.). 
3.6.5 Analytical methods 
3.6.5.1 Extraction yield (EY).  
The total mass of each extract was determined gravimetrically in order to calculate the 
extraction yield. 
3.6.5.2 Total phenolic content (TPC) 
The experimental procedure to determine the total phenolic content (TPC) can be 
found in a previous work [5]. The concentration range of extracts involved in this case 
was 0.08 – 1.40 mg of extract mL-1, whereas for gallic acid standard solutions was 10-
85 µg mL-1. Triplicate measurements were carried out. 
3.6.5.3 HPLC-UV procedure 
The HPLC system consisted of a variable loop Accela autosampler (200 vial capacity 
set at 15°C), an Accela 600 LC pump and an Accela 80 Hz PDA detector (Thermo 
Fisher Scientific, San Jose, Ca, USA). Analyses were carried out according to our 
previously reported procedure [5]. Double online detection was carried out in the diode 
array detector, at 280 and 340 nm, and UV spectra in a range of 200-600 nm were also 
recorded. Before the injection, each extract was dissolved in MeOH HPLC grade, to 
obtain final concentrations between 10 and 20 mg mL-1, and then filtered through a 0.2 
µm PTFE syringe filter. 
Y=b0+ biXi
3
i=1
+  bijXiXj
3
i,j=1;i<j
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3.6.5.4 ESI–MSn analysis 
The HPLC was coupled to a LCQ Fleet ion trap mass spectrometer (ThermoFinnigan, 
San Jose, CA, USA), equipped with an electrospray ionization source and operating in 
negative mode. The nitrogen sheath and auxiliary gas were 40 and 5 (arbitrary units), 
respectively. The spray voltage was 5 kV and the capillary temperature, 300°C. The 
capillary and tune lens voltages were set at -28 V and -115 V, respectively. CID-MSn 
experiments were performed on mass-selected precursor ions in the range of m/z 100–
1000. The isolation width of precursor ions was 1.0 mass units. The scan time was 
equal to 100 ms and the collision energy was optimised between 15-45 (arbitrary 
units), using helium as collision gas. The data acquisition was carried out by using 
Xcalibur® data system (ThermoFinnigan, San Jose, CA, USA). 
3.6.5.5 HPLC-UV quantification 
Calibration curves were obtained by HPLC-UV injection of gallic acid, protocatechuic 
acid, ellagic acid, quercetin, and naringenin standard solutions in MeOH, with five 
different concentrations between 5 and 500 µg mL-1. The calibration curves and 
additional relevant data are shown in Table 3.5.  
 
Table 3.5 – Calibration data used for HPLC-UV quantification of E. globulus bark extracts. 
Compound λ 
(nm) 
Conc. 
Range 
(µg mL
-1
) 
Calibration curve
a
 R
2
 LOD   
(µg mL
-1
) 
LOQ     
(µg mL
-1
) 
Gallic acid 280 5 –300 y = 241397x-68195 0.999 10.19 33.95 
Protocatechuic acid 280 5 – 500 y = 298281x+1768056 0.999 17.64 58.79 
Ellagic acid 340 5 – 400 y = 226944x-792665 1.000 10.76 35.87 
Quercetin 340 5 – 250 y = 520780x-449265 0.993 27.78 92.59 
Naringenin 280 5 – 200 y = 631833x+152036 0.993 27.74 92.48 
a 
 y = peak area, x = concentration in µg mL
-1 
 
The quantification of individual compounds was accomplished with calibration data for 
the most similar standard, since for some of them no pure reference compounds were 
available. Concentrations were calculated in triplicate and the mean value computed in 
each case.  
3.6.5.6 Antioxidant activity 
The antioxidant activity of the extracts was determined by the 2,2-diphenyl-1-
picrylhydrazyl (DPPH) radical scavenging methodology [14]. In test tubes, 0.25 ml of 
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Scavenging activity  % =
Abs control- Abs sample
Abs control
×100%  
DPPH 0.8 mM in MeOH was added to accurately weighed aliquots of the extracts 
dissolved in 3.75 ml of MeOH, corresponding to concentration ranges of extract 
between 0.5 and 8 µg mL-1 for MeOH/H2O and EtOH/H2O extracts, and between 30 
and 350 µg mL-1 for supercritical extracts. After mixing, the samples were maintained in 
the dark, at room temperature for 30 minutes. The absorbance at 517 nm was 
measured using a UV/Vis V-530 spectrophotometer (Jasco, Tokyo, Japan) and 
compared with a control without extract. A blank was prepared for each sample using 
methanol instead of the DPPH solution. Ascorbic acid and 3,5-di-tert-4-
butylhydroxytoluene (BHT) were used as reference compounds. 
The antioxidant activity was expressed as a percent inhibition of DPPH radical, and 
calculated by: 
(3.2) 
IC50 values were determined from the plotted graphs of scavenging activity against the 
concentration of the extracts. These values are defined as inhibitory concentration of 
the extract necessary to decrease the initial DPPH radical concentration by 50% and 
are expressed in µg mL-1. Triplicate measurements were carried out. The antioxidant 
activity was also expressed in g of ascorbic acid equivalents (AAE) per g of bark or per 
g of extract. 
3.7 Results and discussion 
3.7.1 Preliminary solid-liquid (SLE) and supercritical fluid (SFE) 
extractions 
3.7.1.1 Extraction yield (EY) and total phenolic content (TPC) 
The extraction yield and total phenolic content corresponding to the SLEs carried out 
with MeOH/H2O and EtOH/H2O, and to the SFEs performed with CO2/EtOH, 
CO2/EtOAc, CO2/H2O and pure CO2 are shown in Table 3.6 
The EtOH/H2O extraction yield was slightly higher (9.74%) than that obtained with 
MeOH/H2O (9.28%). Moreover, the MeOH/H2O extraction yield is in accordance with 
previous results [5]. The SFE yields are considerably lower, varying between 0.04% 
(CO2/H2O) and 0.32% (CO2/EtOH). The use of ethyl acetate and water as co-solvents 
lead to very low extraction yields – 0.08% and 0.04%, respectively – in comparison with 
ethanol.  
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The total phenolic content of EtOH/H2O extract (159.57±6.75 mg GAE g
-1 of extract) is 
in the range of previously published values for the same biomass [15], and is 
appreciably lower than that obtained with MeOH/H2O (407.41±16.68 mg GAE g
-1 of 
extract). When supercritical solvents are used, the total phenolic content decreases 
significantly to values between 9.22±0.27 and 33.10±0.53 mg GAE g-1 of extract (Table 
3.6). Moreover, the TPC of CO2/EtOH extract of E. globulus bark is in the same range 
of those already described for supercritical extracts of maritime pine bark at 200-250 
bar, 30-50 ºC and 10% ethanol [16]. 
 
Table 3.6 – Extraction yield, total phenolic content, and antioxidant activity of solid-liquid and 
supercritical extracts of E. globulus bark. 
Extracts Extraction 
yield   (%) 
Total phenolic content        
(mg GAE g
-1
 of extract) 
Antioxidant activity 
IC50 values      
(µg mL
-1
) 
values in AAE
a
 (mg AAE 
g
-1
 of bark) 
MeOH/H2O 9.28 407.41±16.68 3.06±0.09 63.35±1.86 
EtOH/H2O 9.74 159.57±6.75 4.23±0.04 48.13±0.50 
CO2/EtOH 0.32 33.10±0.53 64.81±3.48 0.10±0.01 
CO2/EtOAc 0.08 16.59±0.10 >350 <0.005 
CO2/H2O 0.04 9.22±0.27 >350 <0.002 
CO2 0.05 10.92±0.23 >350 <0.003 
a
 ascorbic acid equivalents  
Globally, these results are in agreement with previous studies where low extraction 
yields of phenolic compounds from guava seeds were obtained with ethyl acetate as 
CO2 modifier [17]. Ashraf-Khorassani et al. [18] also verified the decrease of phenolic 
compounds solubility when water is used as co-solvent, whereas better results were 
reported for several biomass sources using ethanol as co-solvent [10].  
3.7.1.2 Antioxidant activity 
The antioxidant activity of the solid-liquid and supercritical extracts, expressed as IC50 
values and as ascorbic acid equivalents, is presented in Table 3.6. 
The MeOH/H2O and EtOH/H2O extracts revealed a slightly lower DPPH radical 
scavenging capacity than that of ascorbic acid (measured as control: IC50 = 2.09 µg 
mL-1) and are considerably higher than that of 3,5-di-tert-4-butylhydroxytoluene (BHT) 
(measured as control: IC50 = 18.37 µg mL
-1) which is commonly observed in extracts 
from vegetal sources rich in phenolic compounds (e.g., Eucalyptus spp. bark and cork 
from Quercus suber) [6, 14]. Furthermore the antioxidant activity of these extracts (in 
ascorbic acid equivalents) is considerably higher than those reported by Vázquez et al. 
[15] for E. globulus, and by Santos et al. [6] for other Eucalyptus species.  
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Concerning the SFE extracts, only the antioxidant activity of the CO2/EtOH extract was 
possible to measure (IC50 = 64.81 µg mL
-1) and it was slightly lower than those 
obtained by SLE. For the remaining supercritical extracts the IC50 values were not 
determined. In fact, it was possible to measure the antioxidant activity for no more than 
a concentration of 350 µg mL-1, which proves the IC50 value is clearly higher than that. 
3.7.1.3 Phenolic compounds profiles of the supercritical extracts 
Table 3.7 shows the identification and quantification of phenolic compounds detected 
by HPLC–MS in the supercritical extracts obtained with CO2 and CO2/EtOH. The 
methodology applied is reported elsewhere (Chapter 3-Part A) [5, 6]. Taking into 
account the poor extraction yields and antioxidant activity results found above for 
CO2/EtOAc and CO2/H2O, their HPLC–MS analysis was not accomplished. The pure 
CO2 extracts were analysed for comparison in order to emphasize the role played by 
ethanol in the removal of phenolic compounds. 
 
Table 3.7 – HPLC quantification of phenolic compounds identified in supercritical fluid extracts 
of E. globulus bark 
No. Rt 
(min) 
Compound λ 
(nm) 
Calibration curve 
(see Table 3.5) 
Phenolic content
a      
(mg g
-1
 of extract) 
CO2/EtOH CO2 
1 4.0 Gallic acid 280 Gallic acid 0.55 - 
2 5.5 Protocatechuic acid 280 Protocatechuic acid 0.54 - 
3 15.6 Digalloylglucose 280 Gallic acid 3.84 1.48 
4 18.2 Isorhamnetin-hexoside 340 Quercetin 0.26 - 
5 18.7 Ellagic acid 340 Ellagic acid 0.66 - 
6 20.3 Taxifolin 280 Naringenin 1.73 - 
7 22.6 Methyl-ellagic acid-pentoside 340 Ellagic acid 
3.06
b(7+8)
 
- 
8 23.6 Isorhamnetin-rhamnoside 340 Ellagic acid - 
9 25.5 Methyl-ellagic acid 340 Ellagic acid 3.31 - 
10 27.2 Mearnsetin 340 Quercetin Traces - 
11 29.7 Mearnsetin-hexoside 340 Quercetin Traces - 
12 32.1 Eriodictyol 280 Naringenin 14.75 - 
13 33.9 Luteolin 340 Quercetin 
1.44
b(13+14)
 
- 
14 34.0 Quercetin 340 Quercetin - 
15 36.5 Isorhamnetin 340 Quercetin 14.29 - 
16 38.4 Naringenin 280 Naringenin 11.38 Traces 
Total (mg g
-1
 of extract ) 55.83 1.48 
Total (mg kg
-1
 of bark) 178.67 0.74 
a
Results correspond to the average value estimated from the injection of three aliquots analysed in 
triplicate (standard deviation <5%). 
b
Due to the overlapped peaks, the wavelength where the peak area 
was higher was chosen. 
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It is evident from Table 3.7 that ethanol increments significantly the phenolic 
compounds extraction, as only digalloylglucose 3 and naringenin 16 (Figure 3.13) were 
detected in the extraction with pure carbon dioxide, while sixteen phenolic compounds 
were detected by HPLC-MS when modified CO2 was used in the process. The total 
concentrations in both cases are also elucidative: 55.83 against 1.48 mg g-1 of extract. 
These values are in accordance with the very distinct phenolic contents and antioxidant 
activities discussed above (see Table 3.6). 
 
Figure 3.13 – Phenolic compound identified in CO2 supercritical fluid extraction of E. globulus 
bark 
It is worth noting the high contents of flavanones, namely eriodictyol 12 (14.75 mg g-1) 
and naringenin 16 (11.38 mg g-1), and the O-methylated flavonol isorhamnetin 15 
(14.29 mg g-1) (Figure 3.14), when compared with the contents previously achieved 
with conventional MeOH/H2O SLE [5]. In fact, the high content of flavanones in 
supercritical extracts, as for example from root bark from osage orange tree, has 
already been reported before [19].  
 
Figure 3.14 – Major phenolic compounds identified in CO2/EtOH supercritical fluid extraction of 
E. globulus bark 
Finally, it should be emphasized that the phenolic composition of a supercritical E. 
globulus bark extract analysed by HPLC-MS is published here for the first time.  
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3.7.2 Analysis of the designed SFE experiments  
According to the results discussed above, carbon dioxide modified with ethanol is the 
most suitable solvent for the supercritical extraction of phenolic compounds of E. 
globulus bark. In this work, the influence of temperature, ethanol content, and CO2 flow 
rate were analysed in order to optimise the extraction conditions. Pressure was fixed at 
the highest value achieved by our apparatus (300 bar), which is well inside the intervals 
found in the literature for similar studies [10]. However, it is well known that the 
influence of pressure is positive upon phenolic compounds removal [17], as also 
several studies have verified the increase of the phenolic compounds solubility with the 
increase of pressure [20, 21], and thus it is of interest to evaluate the remaining 
operating parameters. 
The full factorial design adopted and the experimental results obtained are listed in 
Table 3.8 namely: extraction yield (EY), total phenolic content (TPC), total amount of 
phenolic compounds quantified by HPLC (PC-HPLC), and antioxidant activity (AA) 
expressed as ascorbic acid equivalents.  
 
Table 3.8 – Coded and uncoded levels of independent variables for the 2
3
 full factorial design 
and experimental values obtained for response variables 
Exp. A B C T 
(ºC) 
% of 
EtOH 
QCO2         
(g min
-1
) 
EY 
(%) 
TPC       
(mg GAE g
-1
 
of extract) 
PC-HPLC 
(mg g
-1
 of 
extract) 
AA           
(mg AAE g
-1 
of extract) 
1 -1 1 -1 50 20 8 0.39 44.65 127.28 29.38 
2 1 1 1 70 20 10 0.48 61.20 125.76 57.72 
3 1 -1 -1 70 15 8 0.32 33.10 55.83 32.31 
4 1 1 -1 70 20 8 0.51 37.98 78.98 36.26 
5 -1 1 1 50 20 10 0.34 41.98 92.22 30.87 
6 -1 -1 1 50 15 10 0.28 30.29 65.04 16.39 
7 -1 -1 -1 50 15 8 0.28 36.92 73.53 15.98 
8 1 -1 1 70 15 10 0.29 44.53 89.33 39.55 
9 0 0 0 60 17.5 9 0.42 37.16 84.87 39.43 
10 0 0 0 60 17.5 9 0.39 38.42 77.49 41.72 
11 0 0 0 60 17.5 9 0.37 39.93 80.28 38.07 
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The regressed coefficients of equation (3.1) are listed in Table 3.9. It is important to 
emphasize that the final models presented in the following sections only contain 
statistically significant coefficients (90% confidence level), notwithstanding, the 
recalculated surfaces provide worse correlation coefficients.  
 
Table 3.9 – Parameters of the full regression model (Equation (3.1)) for the SFE factorial design 
presented in Table 3.8 
Coefficient Variable EY            
(%) 
TPC 
(mg GAE g
-1
 of 
extract 
PC-HPLC 
(mg g
-1
 of 
extract) 
AA 
(mg AAE g
-1
 of 
extract) 
b0  0.3700* 40.5600* 86.4191* 34.334* 
b1 Temperature 0.0388* 2.8712** -1.0212 9.1525* 
b2 % of EtOH 0.0688* 5.1212* 17.5638* 6.2500** 
b3 
CO2 flow 
rate 
-0.0138 3.1688* 4.5912 3.8250 
b12  0.0262 0.2662 -2.6687 -0.7200 
b13  -0.0012 5.4938* 15.4788* 3.3500 
b23  -0.0062 1.9688 -1.6612 1.9125 
b123  0.0062 0.9788 4.9812 1.6425 
R
2
  0.942 0.968 0.969 0.907 
*  ignificant at p≤0 05  **  ignificant at p≤0 10 
 
3.7.2.1 Influence of process variables on SFE yield 
 The SFE yield of E. globulus bark has shown to be positively affected by ethanol 
content (p≤0 05) and temperature (p≤0 05), while the effect of C 2 flow rate and the 
interactions between variables were not significant (Table 3.9). The resulting linear 
regression model is: 
   (3.3) 
 
and it is plotted in Figure 3.13; the adjusted correlation coefficient is R2adjust=0.817. An 
extraction yield of 0.48% may be achieved at the highest temperature (T = 70 ºC) and 
ethanol content (20%). Despite these yields are slightly lower than those achieved in 
the SFE of phenolic fractions from vegetal sources, like roasted wheat germ and 
maritime pine bark [16, 22], it has to be noted that the bark samples of this study were 
previously submitted to a Soxhlet dichloromethane extraction, which removed 
undesired less polar compounds and consequently decreased the SFE yields. 
EY (%)=0.370+0.0388T+0.0688EtOH   
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Figure 3.13 – Influence of temperature and ethanol content on the SFE yield at constant 
solvent flow rate (QCO2 = 10 g min
-1
). 
 
3.7.2.2 Influence of process variables on total phenolic content (TPC) 
The regression analysis of experimental data showed that the TPC was significantly 
(p≤0 05) affected by ethanol content and C 2 flow rate (Table 3.9). The ethanol content 
in the supercritical solvent has been repeatedly described as a positive factor upon the 
TPC of vegetal and fruits extracts measured the by Folin-Ciocalteu method [23, 24], 
since it increases the solvating power of CO2. On the other hand the influence of CO2 
flow rate is strictly related with external mass transfer phenomena [8]. The effect of 
temperature and its interaction with CO2 flow rate were also significant (p<0.10), while 
the other interactions were not (Table 3.9). The final regression model is given by: 
      
(3.4) 
 
for which the calculated R2adjust is 0.908. From the fitted surface, graphically shown in 
Figure 3.14, it is clear that an increase in either ethanol content or solvent flow rate, at 
constant temperature, favours TPC.  
TPC (mg GAE.g-1 of extract)=40.6+2.87T+5.12EtOH+3.17Q+5.49TQ 
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Figure 3.14 – Influence of solvent flow rate and ethanol content on the total phenolic 
content of the supercritical extracts at 70 ºC 
A maximum value of TPC may be achieved (57.22 mg g-1) for the highest values of the 
process parameters under study. This value is slightly higher than those already 
published for the optimised SFE of phenolic compounds from vegetal sources like 
roasted wheat germ (P = 336 bar, T = 58 ºC) [22] and strawberry fruits (P = 60 bar, T = 
48 ºC) [23].  
3.7.2.3 Influence of process variables on total amounts of phenolic compounds 
quantified by HPLC 
The total amounts of phenolic compounds quantified by HPLC (PC-HPLC) depend 
significantly upon ethanol content. Murga et al. [25] observed that the solubilities of 
phenolic compounds like gallic acid, catechin, and epicatechin increase with increasing 
modifier concentration. This influence is related with covalent (hydrogen bonding) and 
dipole-dipole interactions between co-solvent and polar solutes. For instance, the 
solubility of quercetin enhances with the increase of ethanol content due to alcohol-
phenol interactions [21]. Even though not statistically significant, and contrary to the 
other response factors, the SFE temperature imparts a negative influence on the total 
phenolic compounds quantified by HPLC (see Table 3.9, coefficient = -1.02), which 
means that its positive effect upon the vapour pressure of these solutes does not 
overcome the resulting solvent density reduction. Consequently, solubility diminishes 
[26]. Although this reasoning could imply that the operating pressure is behind the 
cross-over value, the influence of temperature on the phenolic composition may be due 
to another aspect: the degradation of phenolic compounds, which may take place 
above 50 ºC [10]. It is worth noting that the negative influence of temperature was not 
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PC-HPLC (mg.g-1 of extract)=86.4+17.6EtOH+15.5TQ 
detected in all response factors, which may be related with the fact that the phenolic 
compounds identified/quantified by HPLC and those measured by reduction with the 
Folin-Ciocalteu reagent are not exactly the same.  
The regression analysis of the PC-HPLC data gave rise to the following quadratic 
model: 
 (3.5) 
 
in which the response is linearly dependent on the ethanol content and on the 
temperature-CO2 flow rate interaction, with R
2
adjust = 0.878. The fitted surface is plotted 
in Figure 3.15, whose maximum reaches 119.46 mg g-1 of extract at 70 ºC, 20% of 
ethanol, and CO2 flow rate of 10 g min
-1.  
 
Figure 3.15 – Influence of ethanol content and solvent flow rate on the phenolic content 
measured by HPLC at 70 ºC 
 
3.7.2.4 Influence of process variables on antioxidant activity 
Temperature was the most influential variable (p≤0 05) for the antioxidant activity, 
followed by the ethanol content (p≤0 10), whereas C 2 flow rate and the interactions 
between variables were not statistically significant (p>0.05) (Table 3.9). This is in 
accordance with published results on the influence of these process parameters on the 
antioxidant activity of extracts from several biomass sources [10]. Hence, the model 
fitted to the experimental data is given by:  
        (3.6) 
 
AA (mg AAE.g-1of extract)=34.3+9.15T+6.25EtOH  
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with R2adjust value of 0.716. From this surface, represented graphically in Figure 3.16, 
the maximum antioxidant activity is 49.74 mg AAE g-1 of extract, corresponding to a 
IC50 value of 42.02 µg mL
-1 by setting the temperature at 70 ºC and the ethanol content 
at 20%. This value is distant to those achieved above with conventional EtOH/H2O and 
MeOH/H2O extractions (4.23 and 3.06 µg mL
-1, respectively), due to the high 
supercritical selectivity for flavanones achieved under the experimental conditions 
studied. As has been mentioned above, methanolic extracts of E. globulus bark 
provided 29 phenolic compounds [5], while only 15 have been quantified in this work 
after SFE. Nonetheless, one may emphasize that our result is quite better in 
comparison to that obtained for oregano extracts when supercritical carbon dioxide was 
utilised with ethanol also [27]. 
 
Figure 3.16 – Influence of ethanol content and temperature on the antioxidant activity at 
constant solvent flow rate (QCO2 = 10 g min
-1) 
 
3.7.2.5 Optimisation of supercritical fluid extraction conditions 
The best operating conditions for the SFE of phenolic compounds from E. globulus 
bark were determined in order to obtain the maximum quality of the extract, i.e. the 
maximum values of the response factors under investigation (EY, TPC, PC-HPLC, AA). 
The optimised temperature, ethanol content, and CO2 flow rate were found to be 70 ºC, 
20% and 10 g min-1, respectively. The predicted results computed with the reduced 
regression models (i.e., containing only statistically significant factors) are: EY = 
0.48%, TPC = 57.22 mg GAE g-1 of extract, PC-HPLC = 119.46 mg g-1 of extract, and 
AA = 49.74 mg AAE g-1 of extract. These predictions match very well with the 
experimental results achieved at this point: EY = 0.48%, TPC = 61.20 mg GAE g-1 of 
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extract, PC-HPLC = 125.76 mg g-1 of extract, and AA = 57.72 mg AAE g-1 of extract. 
Such fact validates the models proposed in this study to predict the response factors in 
the range of the experimental conditions covered.  
3.8 Conclusions 
The supercritical fluid extraction of phenolic compounds from E. globulus bark, using 
pure and modified CO2 with water, ethyl acetate, and ethanol, was analysed in this 
work for the first time. The phenolic compounds profiles of the extracts were 
determined by HPLC-MS and reported here for the first time also. The best preliminary 
results in terms of selectivity towards phenolic components, extraction yield, and 
antioxidant activity were achieved with CO2/EtOH. Furthermore this extract contained 
much higher quantities of eriodictyol and naringenin (flavanones), and isorhamentin (O-
methylated flavonol) than the conventional solid-liquid extracts obtained previously with 
methanol/water mixture.  
A full 23 design of experiments was carried out to investigate in detail the effects of 
temperature, ethanol content, and CO2 flow rate upon the supercritical extraction yield 
(EY), total phenolic content (TPC), phenolic compounds quantified by HPLC (PC-
HPLC), and antioxidant activity (AA) of extracts. Under the experimental conditions 
tested, the main results were: the ethanol content imparted a significant and positive 
influence in the four responses, the temperature did not affect only the phenolic content 
quantified by HPLC, and the CO2 flow rate only had influence on total phenolic content. 
In the whole, the conditions maximizing all responses were found as 70 ºC, 20 wt% of 
ethanol, and 10 g of CO2 min
-1 at 300 bar. The values of the dependent variables at 
this point were: EY = 0.48% of extraction yield, TPC = 57.22 mg GAE g-1 of extract, 
PC-HPLC = 119.46 mg g-1 of extract, and AA = 49.74 mg AAE g-1 of extract. 
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Abstract 
The phenolic composition of E. grandis, E. urograndis (E. grandis x E. urophylla) and 
E. maidenii bark is reported for the first time. High-performance liquid chromatography–
electrospray ionization mass spectrometry (HPLC–ESI–MS) and multi-stage mass 
spectrometry (MSn) analysis of the methanol:water (50:50) extracts allowed to identify 
thirteen, twelve and twenty four phenolic compounds in E. grandis, E. urograndis and 
E. maidenii bark extracts, respectively. Furthermore, ellagic acid-rhamnoside, 
dihydroxy-isopropylchromone-hexoside and dihydroxy-
(methylpropyl)isopropylchromone-hexoside are referenced for the first time as 
constituents of Eucalyptus species. Epicatechin and quercetin-glucuronide are the 
major phenolic compounds in E. grandis and E. urograndis bark, followed by ellagic 
acid-rhamnoside and ellagic acid in E. grandis and by galloyl-bis-
hexahydroxydiphenoyl (HHDP)-glucose and gallic acid in E. urograndis. Catechin, 
chlorogenic acid and methyl-ellagic acid-pentoside are the major compounds in E. 
maidenii bark. The phenolic content of the three extracts shows a positive correlation 
with their antioxidant activities, evaluated by 2,2-diphenyl-2-picrylhydrazyl (DPPH) 
radical scavenging, showing activity values between those of two commercial 
antioxidants, ascorbic acid and butylated hydroxytoluene (BHT). These results, 
together with the phenolic composition, confirm the high potential of these species as 
source of biologically active phenolic compounds. 
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4.1 Introduction 
Eucalyptus species are the main wood sources for pulp and paper production 
worldwide, due to their fast growing and short rotation periods as well as to favourable 
pulping and bleaching ability [1]. Eucalyptus plantations area cover around 19 million 
hectares worldwide [2], with E. grandis as the most cultivated specie for industrial 
purposes, particularly in South Africa and Brazil [1]. E. urograndis, an hybrid between 
E. grandis and E. urophylla, is produced in Brazil and was developed to conjugate the 
fast growing properties of E. grandis and the high density and superior pulp properties 
of E. urophylla wood [3], demonstrating the increasing interest on the exploitation of 
Eucalyptus spp. to pulp and paper production in the South America. In fact, in the last 
five years the eucalyptus planted area in Brazil has increased 5.3 % per year, being the 
6th world pulp producer in 2010 [4]. E. maidenii is presently not so widely used as a 
fiber source for pulp production as others Eucalyptus species, nevertheless its potential 
for forest developing and excellent pulp qualities has also been demonstrated [5]. 
It is well known that pulp and paper industries generate high amounts of residues, 
including mostly bark, but also leaves, branches, fruits and knots, which are commonly 
burned on the biomass boilers or just leaved on the forest for fertilization purposes. 
However, in the last years, these by-products, as many other agro-forest residues, are 
seen as promising sources of materials, chemicals, fuels or energy, to take their 
maximum value out as also a response of the depletion of fossil resources, within the 
biorefinery concept [6-8]. In fact, the exploitation of agro-forest residues as a source of 
valuable compounds is a strategy already applied in some pulp mills and one of the 
most popular examples of the implementation of the biorefinery concept [9, 10].  
In this perspective, in recent years, the biomass residues of the exploitation Eucalyptus 
species, and particularly outer bark, have attracted much interest namely as sources of 
high value triterpenic acids [11-13]. More recently, E. globulus bark was studied as 
source of phenolic compounds [14]. However, the information of the phenolic 
composition of E. grandis, E. urograndis and E. maidenii is scarce and only studies 
about the presence of these compounds on the leaf litter from E. urograndis [15] and 
leaves from E. grandis [16] and E. maidenii [17] have been published. To the best of 
our knowledge, no study has been carried out about the phenolic composition of the 
barks from these species, despite the well-known wide range of valuable properties 
assigned to phenolic compounds, such as anti-inflammatory, antioxidant, antibacterial, 
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antimicrobial, antithrombotic or even anticarcinogenic and anti-HIV-1 agents, among 
others [18, 19].  
In this context, and following our interest on the study of the chemical composition and 
valorisation of Eucalyptus barks, the aim of this study is to evaluate the potential of E. 
grandis, E. urograndis and E. maidenii bark as sources of valuable phenolic 
compounds, analyzing their methanol:water extracts by high-performance liquid 
chromatography-mass spectrometry (HPLC-MS) and also accessing their total phenolic 
content by the Folin-Ciocalteu assay and their antioxidant properties determined by the 
2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging. 
4.2 Materials and methods 
4.2.1 Chemicals 
Dichloromethane (99% purity), gallic acid (purity higher than 97.5%) and quercetin 
(purity higher than 98%) were supplied by Sigma Chemical Co (Madrid, Spain). 
Protocatechuic acid (purity higher than 97%), chlorogenic acid (purity higher than 95%) 
and naringenin (98% purity) were obtained from Aldrich Chemical Co (Madrid, Spain). 
HPLC-grade methanol, water and acetonitrile, were supplied from Fisher Scientific 
Chemicals (Loures, Portugal). Formic acid (purity higher than 98%), methanol (purity 
higher than 99.8%), catechin (purity higher than 96%) and ellagic acid (96% purity) 
were purchased from Fluka Chemie (Madrid, Spain). Solvents were filtered using a 
Solvent Filtration Apparatus 58061 from Supelco (Bellefonte, PA, USA).  
4.2.2 Raw materials 
E. urograndis and E. grandis bark samples were taken from a 5-year-old and 10-year-
old tree, respectively, randomly harvested from clone plantations cultivated in Alfredo 
Chaves, state of Espírito  anto, Bra il (20º38’08’’ , 40º44’57’’W), while E. maidenii 
bark was obtained from a 10-year-old tree, randomly sampled in a clone plantation 
cultivated in  demira, southwestern region of Portugal (37º33’04’’ , 8º38’43’’W). 
4.2.3 Phenolic compounds extraction 
Eucalyptus bark of each species was air dried, until a constant weight was achieved, 
and ground to granulometry lower than 2 mm prior to extraction. 
About 45 g of each dried bark were submitted to a soxhlet extraction with 
dichloromethane for 6 hours, to remove the lipophilic components. The solid bark 
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residues were then suspended (m/v: 1:100) in a methanol:water (MeOH:H2O) mixture, 
50/50 (v/v), at room temperature for 24 hours, under constant stirring. The suspensions 
were then filtered, MeOH removed by low pressure evaporation and the extracts freeze 
dried [14]. 
4.2.4 Total phenolic content 
The total phenolic content (TPC) of the extracts was determined by the Folin-Ciocalteu 
method [20, 21]. 2.5 ml of Folin-Ciocalteu reagent, previously diluted with water 
(1:10, v/v), and 2 ml of aqueous sodium carbonate (75 g L-1) were added to accurately 
weighed aliquots of the extracts dissolved in 0.5 mL of methanol, corresponding to 
concentration ranges between 80 and 200 μg of extract mL-1. Each mixture was kept 
for 5 min at 50 ºC and, after cooling, the absorbance was measured at 760 nm, using a 
UV–Vis V-530 spectrophotometer (Jasco, Tokyo, Japan). TPC was calculated as gallic 
acid equivalent from the calibration curve of gallic acid standard solutions (10 - 85.0 
μg mL-1) and expressed as g of gallic acid equivalent (GAE) g-1 of extract. The 
analyses were carried out in triplicate and the average value was calculated in each 
case. 
4.2.5 HPLC-UV procedure  
Analyses were carried according to a previously reported procedure [14], by using a 
Hewlett–Packard (HP) 1050 liquid chromatograph (Agilent Technologies, Waldbronn, 
Germany) equipped with a Rheodyne injector with a 10 µL loop, a quaternary pumping 
system and a UV detector. It was used a Discovery® C-18 (15 cm x 2.1 mm x 5 µm) 
column supplied by Supelco (Agilent Technologies, Waldbronn, Germany). The 
separation of the compounds was carried out with a gradient elution program at a flow 
rate of 0.2 mL min−1, at room temperature. The mobile phases consisted in 
water:acetonitrile (90:10, v/v) (A) and acetonitrile (B), both with 0.1% of formic acid. 
The following linear gradient was applied: 0 - 3min: 0%B; 3-10 min: 0 -10% B; 10 -30 
min: 10 - 20% B; 30 - 35 min: 20 - 25%B; 35 – 50 min: 25 - 50% B; 50 – 60 min: 50 - 
0% B; followed by re-equilibration of the column for 10 minutes before the next run. 
The injection volume in the HPLC system was 25 μL and the UV–Vis detection was 
performed at 280 and 340 nm. Before the injection in the HPLC each extract was 
dissolved in MeOH:H2O (50:50), HPLC grade, to obtain a final concentration of about 
10 mg mL-1 and then filtered through a 0.2 µm PTFE syringe filter. 
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4.2.6 ESI–QqQ–MS analysis  
The HPLC system was coupled to a Micromass spectrometer (Manchester, UK), 
operating in negative mode, equipped with an electrospray source and a triple 
quadrupole (QqQ–MS) analyser. The cone and capillary voltages were set at -30.0 V 
and -2.6 kV, respectively. The source temperature was 143 oC and the desolvation 
temperature was 350 oC. MS/MS spectra were obtained using argon as collision gas 
with the collision energy set between 10 and 45 V. The detection was carried out 
considering a mass range of m/z between 50–1000, with a scan duration of 0.5 s. The 
data acquisition was done by using the MassLynx® data system (Waters, Milford, MA, 
U.S.A.). 
4.2.7 ESI–IT–MS/MS analysis 
To gather additional MS information about several chromatographic peaks, these were 
manually collected following the chromatographic conditions discussed above. The 
resulting HPLC fractions were dissolved in methanol and directly injected into a Linear 
Ion trap LXQ (ThermoFinnigan, San Jose, CA, USA), also equipped with an ESI source 
by means of a syringe pump, at flow rate of 8 µL min-1. The nitrogen sheath gas was at 
30 psi, spray voltage 4.7 kV and capillary temperature 275°C. The capillary and tune 
lens voltages were set at -7.0 V and -71.8 V, respectively. CID-MS/MS and MSn 
experiments were performed on mass-selected precursor ions using standard isolation 
and excitation configuration. The collision energy used was between 15-40 (arbitrary 
units). The data acquisition was carried out with Xcalibur® data system 
(ThermoFinnigan, San Jose, CA, USA). 
4.2.8 HPLC-UV quantification 
Calibration curves were obtained by HPLC injection of gallic acid, protocatechuic acid, 
catechin, chlorogenic acid, ellagic acid, quercetin and naringenin standard solutions in 
MeOH, with five different concentrations between 0.01 and 1.20 mg mL-1. The data 
relevant for obtaining the calibration curves is shown in Table 4.1. Quantification of 
individual compounds (Table 4.4) was obtained using the calibration data of the most 
similar standard, as for some of which no pure reference compounds were available. 
Concentrations were calculated in triplicate and the mean value calculated in each 
case.  
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Table 4.1 – Calibration data used for the HPLC-UV quantification of phenolic components of E. 
grandis, E. urograndis and E. maidenii bark extracts 
a
 y = peak area, x = concentration in mg mL
-1
; 
b
 expressed in mg mL
-1
 
 
4.2.9 Antioxidant activity 
The antioxidant activity of the extracts was determined by the 2,2-diphenyl-1-
picrylhydrazyl (DPPH) radical scavenging [21, 22], as described before (Chapter 3) The 
concentration ranges of extracts were between 2 and 13 µg mL-1. Ascorbic acid and 
3,5-Di-tert-4-butylhydroxytoluene (BHT) were used as reference compounds. 
Antioxidant activity was expressed as a percent inhibition of DPPH radical, and 
calculated from the equation described before (equation (3.2)). Triplicate 
measurements were carried out. The antioxidant activity was expressed as IC50 values 
in µg mL-1, as also in g of ascorbic acid equivalents kg-1 of bark (g AAE Kg-1 of bark). 
4.3 Results and discussion 
4.3.1 Extraction yield and total phenolic content 
The extraction yields of the MeOH:H2O bark extracts of the three species analysed and 
the respective total phenolic content, determined by Folin-Ciocalteu method are shown 
in Table 4.2. The extraction yields of the studied extracts are distinct between them, 
with E. urograndis showing the higher value (15.18 %).  
 
Compound λ 
(nm) 
Conc. Range 
(mg mL
-1
) 
Calibration curve
a
 R
2
 LOD
b
 LOQ
 b
 
Gallic acid 280 0.01 – 0.60 y = 535985x+1092 0.999 0.021 0.069 
Protocatechuic acid 280 0.05 – 1.20 y = 527991x-5289 1.000 0.029 0.096 
Catechin 280 0.01 – 1.20 y = 100865x+2057 1.000 0.028 0.092 
Chlorogenic acid 280 0.01 – 0.80 y = 229162x-1450 0.999 0.029 0.097 
Ellagic acid 340 0.01 – 0.44 y = 300168x+3045 0.998 0.023 0.076 
Quercetin 340 0.01 – 0.33 y = 619494x+2454 0.999 0.014 0.046 
Naringenin 280 0.01 – 0.28 y = 722267x+1939 0.998 0.016 0.052 
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 Table 4.2 – Extraction yields and total phenolic content of E. grandis, E. urograndis and E. 
maidenii bark extracts 
Values of total phenolic content are expressed as mean±standard deviation (n=3); 
a
 GAE: gallic acid 
equivalents 
 
The total phenolic contents accounted for 385.63±11.02, 346.72±7.76 and 203.86±4.37 
mg GAE g-1 in E. grandis, E. urograndis and E. maidenii bark extracts, respectively, 
demonstrating that E. maidenii is the species with lower TPC and E. grandis and E. 
urograndis extracts have similar TPC contents.  
Interestingly although the extraction yields reported for the barks of these three species 
are higher than those reported earlier for E. globulus bark, the total phenolic contents 
are lower [14, 23]. 
4.3.2 Identification of phenolic compounds 
The identification of the components was carried out by HPLC-UV, HPLC-MS/MS and 
in some cases by MSn. Compounds were identified comparing their spectral data with 
reference compounds, when available, or corroborated with the literature. HPLC-MS 
data for the identified compounds, namely, their retention time, the molecular ion [M-H]- 
and the main product ions obtained by HPLC-MS/MS and by MSn are given in Table 
4.3. 
  
Extracts Extraction yield  
(%) 
Total phenolic content 
(mg GAE
a
 g
-1
 of extract) 
Total phenolic content   
(mg GAE
a
 g
-1
 of bark) 
E. grandis 10.54 385.63±11.02 40.64±1.16 
E. urograndis 15.18 346.72±7.76 56.92±1.18 
E. maidenii 13.23 203.86±4.37 26.97±0.58 
  
Table 4.3 – Phenolic compounds identified in E. grandis, E. urograndis and E. maidenii bark extracts and corresponding MS/MS and MS
n
 fragmentation 
profiles 
No. Rt 
(min) 
Compound [M-H]
-
 
(m/z) 
QqQ–MS/MS 
product ions (m/z) 
IT–MS
n
 product ions (m/z) Identified Presence in Eucalyptus 
species
a
 
1 3.2 Quinic acid 191 173, 111, 87, 85 MS
2
: 173, 149, 127, 111, 93, 85 [14] Egl b [14] 
2 3.8 Gallic acid 169 125 - Co
b
 Eur l [15], Egl b [14], w, l, f, 
Eca Eru l, Ere b, w [24]  
3 5.7 Protocatechuic acid 153 109 - Co Eur l [15], Egl b [14] Egl Eca 
Eru b [25],l [26] 
4 11.2 Methyl gallate 183 168, 124 - [14] Egl b [14], [27] 
5 12.5 Catechin 289 245, 205, 203, 125, 109 - Co Egl l [28], b [14], [27, 29], w 
[30], Ere b, w [30] 
6 13.6 Chlorogenic acid 353 191 - Co Eur l [15], Egl b [14], w [30] 
Ecy l [31] 
7 14.3 Galloyl-bis-HHDP-glucose 935 935, 633, 301, 300, 275 MS
2
: 633
c
; MS
3
: 481, 299, 275 [14, 24] Egl b [14], f, Eni w Eal f [24] 
8 15.5 Digalloylglucose 483 313, 169 MS
2
: 331, 327, 313, 169; MS
3
: 
271, 211, 193, 169, 125 
[14]  Egl b [14, 29], Egl f, Eni w 
Eco l [24] 
9 16.0 Epicatechin 289 245, 205, 203, 179, 109  [32] Egl b [29] 
10 16.3 Quercetin-glucuronide 477 301 MS
2
: 301; MS
3
: 179, 151 [24] Esp l [24] 
11 17.7 Dihydroxy-isopropylchromone-hexoside 381 261, 233  [33] RFE 
12 18.9 Isorhamnetin-hexoside 477 315 MS
2
: 315; MS
3
: 300; MS
4
: 271, 
272, 244 
[14] Egl b [14] 
13 19.4 Ellagic acid-rhamnoside 447 301 MS
2
: 301, 300; MS
3
: 257, 229 [32] RFE 
14 20.0 Ellagic acid 301 229, 185, 173, 157, 146 - Co Esp b, f, l, w [14, 24] 
15 21.2 Taxifolin 303 285, 177, 151, 125 - [14] Egl b [14, 25, 27, 34] 
16 22.0 Quercetin-hexoside 463 301, 300 MS
2
: 301, 300; MS
3
: 179, 151 [14] Egl b [14], f, l, Eca Eru l Egu 
h [24] Ema l [17] 
  
No. Rt 
(min) 
Compound [M-H]
-
 
(m/z) 
QqQ–MS
2
 
product ions (m/z) 
IT–MS
n
 product ions (m/z) Identified Presence in Eucalyptus 
species
a
 
17 22.8 Dihydroxy- 
(methylpropyl)isopropylchromone-
hexoside 
395 305, 275, 247 MS
2
: 275; MS
3
: 247, 191; MS
4
: 
204 
[33] RFE 
18 23.3 Methyl-ellagic acid-pentoside 447 315 MS
2
: 315; MS
3
: 300 [14] Egl f [24] 
19 24.7 Myricetin-rhamnoside 463 317 - [14] Egl b [14] 
20 25.1 Isorhamnetin-rhamnoside 461 315 MS
2
: 315; MS
3
: 300; MS
4
: 272, 
244 
[14] Egl b [14]  
21 25.8 Aromadendrin-rhamnoside 433 287, 269, 259, 180, 
179, 151 
MS
2
: 287, 269; MS
3
: 259; MS
4
: 
241, 215, 125 
[14] Egl b [14, 27] 
22 28.7 Mearnsetin 331 316 MS
2
: 316; MS
3
: 287,271; MS
4
: 
259 
[14] Egl b [14]  
23 31.1 Mearnsetin-hexoside 493 331 MS
2
: 331; MS
3
: 316; MS
4
: 287, 
271, 244; MS
5
: 259 
[14] Egl b [14] 
24 33.7 Eriodictyol 287 151, 135, 107 - [14] Egl b [14, 27, 34] 
25 35.4 Quercetin 301 179, 165, 151, 121, 107 - Co Egl b [14, 27, 34], Ema l 
[17] 
26 37.8 Isorhamnetin 315 300, 271 - [14] Egl b [14, 29, 34] 
27 40.9 Naringenin 271 177, 151, 119, 107 - Co  Egl b [14] Eca b [25], Eru l 
[26] 
a
 Egl- E. globulus, E.ur- E. urograndis, Eca- E. camaldulensis, Eru- E. rudis, Ere- E. regnans, Eni-E. nitens, Eco- E. consideniana, Ecy- E. cypellocarpa, Egu- E. gunnii, Eal-E. 
alba, Esp- Eucalyptus species; Ema- E. maidenii, b-bark, l-leaves, f-fruits, w-wood, h-hook; RFE- Reported for the first time in Eucalyptus species; 
b 
Co = co-injection of the 
authentic standard; 
c 
m/z in bold was subjected to MS
n
 analysis 
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Most of the compounds identified in the presently studied species were previously 
found as constituents of E. globulus bark extracts [14], namely: quinic 1, gallic 2, 
protocatechuic 3, chlorogenic 6 and ellagic acids 14, methyl gallate 4, catechin 5, 
galloyl-bis-HHDP-glucose 7, digalloylglucose 8, isorhamnetin-hexoside 12, taxifolin 15, 
quercetin-hexoside 16, methyl-ellagic acid-pentoside 18, myricetin-rhamnoside 19, 
isorhamnetin-rhamnoside 20, aromadendrin-rhamnoside 21, mearnsetin 22, 
mearnsetin-hexoside 23, eriodictyol 24, quercetin 25, isorhamnetin 26 and naringenin 
27 (Figure 4.2). The relevant MS features of these compounds were previously 
discussed [14] (Chapter 3) and references therein.  
Additionally, five other phenolic compounds (9, 10, 11, 13 and 17) were identified in 
some of the studied barks (Figure 4.2). Epicatechin was identified as compound 9, as 
confirmed by its [M-H]- at m/z 289, as well as to MS/MS product ions at m/z 245 [M-H-
CO2]
-, and at m/z 205 [M-H-C4H4O2]
-, 203 [M-H-C4H6O2]
-, due to cleavage of B ring and 
at m/z 179 [M-H-C6H6O2]
- and 109 [B ring]- [32]. Compound 10 was assigned to 
quercetin-glucuronide with [M-H]- at m/z 477 yielding a product ion at m/z 301, which 
corresponds to quercetin aglycone after the loss of a glucuronide moiety (-176 Da) [24]. 
The MSn spectra and fragmentation pathway of this compound is shown in Figure 4.1. 
 
Figure 4.1 – a) MS
n
 spectra and b) fragmentation pathway of quercetin-glucuronide 10 
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Figure 4.2 – Structures of the phenolic compounds identified in E. grandis, E. urograndis and E. 
maidenii bark extracts G:galloyl group; G-G: hexahydroxydiphenoyl (HHDP) group 
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Compound 11 was identified as dihydroxy-isopropylchromone-hexoside due to its [M-
H]- at m/z 381 as well as to MS/MS product ions at m/z 261, resulting from the 0,2 
cross-ring cleavage in the hexose [M-H-120]- and 233, resulting further from a loss of a 
carbonyl group [M-H-120-28]- [33]. Compound 13 was assigned to ellagic acid-
rhamnoside, with [M-H]- at m/z 447 yielding the product ion at m/z 301 (-146 Da, -
rhamnose). Furthermore, the identification of 13 was corroborated by the MS3 product 
ions at m/z 257 and 229, showing the typical fragmentation profile of ellagic acid [32]. 
Finally, compound 17 was identified as dihydroxy-(methylpropyl)isopropylchromone-
hexoside, based on its characteristic [M-H]- at m/z 395 and on the respective product 
ions at m/z 275 [M-H-120]- (cleavage in the 0,2 cross-ring of the hexose) and 247 [M-
H-120-28]- (further loss of the carbonyl group) [33]. 
4.3.3 HPLC quantification of phenolic compounds 
The phenolic composition of each extract quantified by HPLC is given in Table 4.4. E. 
grandis and E. urograndis have a similar composition, both in terms of the compounds 
identified, as well as their total abundance. Both extracts are constituted by quinic 1, 
gallic 2, protocatechuic 3 and ellagic acids 14, methyl gallate 4, catechin 5, galloyl-bis-
HHDP-glucose 7, epicatechin 9, quercetin-glucuronide 10, ellagic acid-rhamnoside 13 
and isorhamnetin-rhamnoside 20. Additionally, digalloylglucose 8 and aromadendrin-
rhamnoside 21 were detected in E. grandis and traces of naringenin 27 were detected 
in E. urograndis.  
In E. maidenii bark we found most of the compounds reported above for E. grandis and 
E. urograndis, with the exception of digalloylglucose 8, epicatechin 9 and quercetin-
glucuronide 10. In fact, this species shows a larger diversity on the phenolic 
components identified, namely chlorogenic acid 6, dihydroxy-isopropylchromone-
hexoside 11, isorhamnetin-hexoside 12, quercetin-hexoside 16, dihydroxy-
(methylpropyl)isopropylchromone-hexoside 17, taxifolin 15, methyl-ellagic acid-
pentoside 18, myricetin-rhamnoside 19, mearnsetin 22, mearnsetin-hexoside 23, 
eriodictyol 24, quercetin 25 and isorhamnetin 26. 
All the compounds are referenced for the first time as constituents of E. grandis, E. 
urograndis or E. maidenii bark, although gallic 2, protocatechuic 3 and chlorogenic 6 
acids have already been referenced as constituents of E. urograndis leaf litter [15]. 
Furthermore, ellagic acid-rhamnoside 13 and the chromones-hexosides 11 and 17 are 
referenced here for the first time as constituents of a morphological part of Eucalyptus 
species, despite they are commonly found in other natural sources [32, 33]. 
Phenolic compounds from E. grandis, E. urograndis and E. maidenii barks 
 
172 
The quantification of the phenolic components of each extract by HPLC (Table 4.4) 
showed that both E. grandis and E. urograndis bark are rich in epicatechin 9 and 
quercetin-glucuronide 10 (quantified together, 68.20±0.67 and 118.86±0.71 mg g-1 of 
extract, respectively), followed by ellagic acid-rhamnoside 13 (47.32±0.42 mg g-1 of 
extract) and by ellagic acid 14 (25.43±0.39 mg g-1 of extract) in E. grandis, and by 
galloyl-bis-HHDP-glucose 7 (17.34±0.30 mg g-1 of extract) and gallic acid 2 
(15.84±0.16 mg g-1 of extract) in E. urograndis.  
E. maidenii was found to have lower amounts of the identified phenolic compounds, 
with catechin 5 (34.44±0.24 mg g-1 of extract), chlorogenic acid 6 (10.99±0.29 mg g-1 of 
extract) and methyl-ellagic acid-pentoside 18 (9.16±0.39 mg g-1 of extract) as the major 
components. 
The total amounts of phenolic compounds identified by HPLC follows a trend similar to 
that of phenolic content by Folin-Ciocalteu method, with E. grandis with the higher 
value (213.13±2.57 mg g-1 of extract), followed closely by E. urograndis and by E. 
maidenii. However, the total amount of identified compounds per kg of bark is clearly 
higher in the case of E. urograndis (~28.9 g Kg-1), due to its substantial higher 
extraction yield.  
Finally, the total amounts of phenolic compounds identified in the barks of the three 
species analysed in this study are considerable superior to those recently reported for 
E. globulus bark (~10.9 g Kg-1 of bark) [14]. These results show the high potential of E. 
grandis, E. urograndis and E. maidenii barks as sources of valuable phenolic 
compounds. 
 
  
  
Table 4.4 – HPLC quantification of phenolic components identified in E. grandis, E. urograndis and E. maidenii bark extracts 
No. Compound λ 
(nm) 
Phenolic content (mg g
-1
 of extract) 
E. grandis E. urograndis E. maidenii 
1 Quinic acid
a
 280 3.68±0.16 7.54±0.25 5.74±0.12 
2 Gallic acid
a
 280 10.61±0.24 15.84±0.16 7.95±0.16 
3 Protocatechuic acid
b
 280 1.83±0.06 1.27±0.06 1.17±0.04 
4 Methyl gallate
a
 280 1.54±0.04 2.46±0.04 1.59±0.08 
5 Catechin
c
 280 22.79±0.43 traces 34.44±0.24 
6 Chlorogenic acid
d
 280 - - 10.99±0.29 
7 Galloyl-bis-HHDP-glucose
a
 280 15.81±0.19 17.34±0.30 8.44±0.37 
8 Digalloylglucose
a
 280 14.75±0.11 - - 
9 Epicatechin
c
 280 68.20±0.67
h(9+10)
 118.86±0.71
h(9+10)
 - 
10 Quercetin-glucuronide
c
 280
i
 - 
11 Dihydroxy-isopropylchromone-hexoside
e
 280 - - 2.70±0.09 
12 Isorhamnetin-hexoside
e
 340 - - 0.72±0.02 
13 Ellagic acid-rhamnoside
f
 340 47.32±0.42 10.81±0.15 3.13±0.13 
14 Ellagic acid
f
 340 25.43±0.39 14.99±0.21 8.72±0.18 
15 Taxifolin
g
 280 - - 4.91±0.15 
16 Quercetin-hexoside
e
 340 - - 2.18±0.10
h(16+17)
 
17 Dihydroxy- (methylpropyl)isopropylchromone-hexoside 280 - - 
18 Methyl-ellagic acid-pentoside
f
 340 - - 9.16±0.39 
19 Myricetin-rhamnoside
e
 340 - - 5.27±0.17
h(19+20+21)
 
20 Isorhamnetin-rhamnoside
e
 340 1.17±0.04
h(20+21)
 1.33±0.06 
21 Aromadendrin-rhamnoside
e
 340
i
 - 
  
 
No. Compound λ 
(nm) 
Phenolic content (mg g
-1
 of extract) 
E. grandis E. urograndis E. maidenii 
22 Mearnsetin
e
 340 - - 0.15±0.01 
23 Mearnsetin-hexoside
e
 340 - - 0.25±0.01 
24 Eriodictyol
g
 280 - - 0.93±0.04 
25 Quercetin
e
 340 - - 0.16±0.01 
26 Isorhamnetin
e
 340 - - 0.95±0.04 
27 Naringenin
g
 280 - traces 0.87±0.01 
Total (mg g
-1
 of extract )  213.13±2.57 190.44±0.31 110.43±0.23 
Total (mg kg
-1
 of bark)  22463.96±271.37 28908.54±47.04 14609.40±30.77 
All values are expressed as mean±standard deviation (n=3) 
Calibrations curved used: 
a
 Gallic acid, 
b
 Protocatechuic acid, 
c
 Catechin, 
d
 Chlorogenic acid, 
e
 Quercetin, 
f
 Ellagic acid, 
g
 Naringenin; 
h
 Sum of the phenolic content by partial overlapping of the identified peaks; i Due to the overlapped peaks it was chosen the wavelength where the peak area was higher. 
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4.3.4 Antioxidant activity 
Table 4.5 presents the results of the antioxidant activity obtained for the studied 
extracts, expressed in terms of the amount of extract needed to decrease the DPPH 
concentration by 50% (IC50), as well as in terms of the ascorbic acid equivalents (AAE) 
on a bark basis (mg AAE g-1 of bark). The IC50 values for ascorbic acid and for BHT 
were also obtained and reported in Table 4.5 for comparative purposes. 
 
Table 4.5 – Antioxidant activity of E. grandis, E. urograndis and E. maidenii bark extracts by 
DPPH radical scavenging 
 IC50                                    
(µg mL
-1
) 
values in ascorbic acid equivalents 
(mg AAE
a
 g
-1
 of bark) 
Ascorbic acid 2.15±0.07 - 
BHT 18.22±0.21 - 
E. grandis 6.26±0.19 36.73±0.89 
E. urograndis 6.14±0.21 53.18±1.80 
E. maidenii 8.24±0.26 34.54±1.12 
All values are expressed as mean±standard deviation (n=3); 
a
 AAE: ascorbic acid equivalents 
 
 
These extracts have revealed an antioxidant activity considerably higher than that 
reported for BHT and lower of that measured for ascorbic acid. Furthermore, the 
antioxidant activities showed similar trends to those previously mentioned to phenolic 
content: E. grandis and E. urograndis show a similar antioxidant scavenging and higher 
than E. maidenii bark extract, in line with the amounts of phenolic components detected 
by HPLC-MS and with the reported total phenolic content values. 
Finally, E. urograndis bark extract reached the higher antioxidant potential, when the 
antioxidant capacity is expressed as AAE on a bark basis, due to its higher extraction 
yield (Table 4.2). Nevertheless, all the extracts present excellent values of AAE per Kg 
of bark, significantly higher than that reported for E. globulus bark extracts [23] or for 
the barks of other species as Q. suber extracts [21]. 
4.4 Conclusions 
To our knowledge, this is the first study concerning the analysis of the phenolic 
composition of E. grandis, E. urograndis and E. maidenii barks by HPLC–MS/MS and 
MSn. Thirteen, twelve and twenty four phenolic compounds were identified in E. 
grandis, E. urograndis and E. maidenii bark extracts, respectively. Furthermore, ellagic 
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acid-rhamnoside 13, dihydroxy-isopropylchromone-hexoside 11 and dihydroxy-
(methylpropyl)isopropylchromone-hexoside 17 are referenced for the first time as 
constituents of Eucalyptus species. Epicatechin 9 and quercetin-glucuronide 10 are the 
major phenolic compounds in E. grandis and E. urograndis bark, followed by ellagic 
acid-rhamnoside 13 and ellagic acid 14 in E. grandis and by galloyl-bis-HHDP-glucose 
7 and gallic acid 2 in E. urograndis. E. maidenii bark is rich in catechin 5, chlorogenic 
acid 6 and methyl-ellagic acid-pentoside 18. The phenolic composition of the three 
extracts shows a positive correlation with their antioxidant activities, determined by 
DPPH radical scavenging, being the activities values between those of two commercial 
antioxidants, namely, ascorbic acid and BHT. Additionally, the antioxidant potentials 
become significantly higher when expressed per mass unit. These results are 
promising, confirming, together with the phenolic composition verified, the vast 
potential of these species as source of biologically active phenolic compounds. 
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Abstract 
The phenolic fraction of cork from Quercus suber L. was obtained following two distinct 
fractionation schemes, namely, methanol/water extraction followed by ethyl ether 
fractionation, and sequential extraction with methanol and water. The extracts were 
studied in terms of total phenolic compounds content, using Folin-Ciocalteu method, 
detailed chemical analysis by HPLC–MS, and antioxidant activity  The first method 
underestimates both total extractives, total phenolic content as well as the amounts of 
identified compounds  The  PLC–MS, revealed that, apart from smaller components, 
all the extracts displayed the same qualitative composition; 15 phenolic components 
were identified, with ellagic acid, followed by gallic and protocatechuic acids as the 
most abundant compounds. Additionally, some compounds identified were reported for 
the first time as cork components, namely salicylic acid, eriodictyol, naringenin, quinic 
acid and hydroxyphenyllactic acid. The antioxidant activity of the extracts, evaluated 
using the 2,2-diphenyl-2-picrylhydrazyl hydrate (DPPH) radical scavenging assay, 
showed to be considerably higher than that of BHT, and in the range of ascorbic acid. 
The antioxidant potential per mass unit of the three extracts is in the same range, but 
the high extraction yields obtained by water extraction open good perspectives for the 
exploitation of this extract in nutraceutical applications. 
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5.1 Introduction 
The up-grading of the by-products of the forestry industry constitutes an important 
challenge on the development of a sustainable economy and of environmentally 
friendly industrial processes. These by-products are seen, in recent years, as 
promising sources of renewable chemicals, materials and fuels and as a response to 
the inevitable depletion of fossil resources within the emerging “biorefinery” concept [1, 
2]. 
Cork is the outer bark of Quercus suber, a common species in the Mediterranean 
region. Because of its peculiar properties [3-5], such as high elasticity and low 
permeability, cork has a large variety of applications, among which the production of 
stoppers for wine and other alcoholic beverages is by far the most important, followed 
by its applications in thermal and/or acoustic insulation materials. Portugal produces 
about 157 000 ton of cork/year, which represents about 53% of the world production 
[6]. This industry generates substantial amounts of a residue, namely industrial cork 
powder, which represents in Portugal, about 34 000 ton/year, more than 20% of the 
total cork production. This by-product, that is generally not suitable for current industrial 
uses, is currently mostly burned to produce energy [7]. The full exploitation of this 
resource and specially the detailed study of its chemical composition is a key step 
towards the recovery of this by-product.  
Cork is mainly composed of lignin (25%, w/w), polysaccharides (20%, w/w), suberin 
(40%, w/w), extractives (15%, w/w), and inorganics (1%, w/w) [8, 9]. Suberin, due to its 
abundance and unique composition, is the most promising component for the 
development of new chemicals and materials from cork by-products [3, 5, 10, 11]. 
 owever, in an integrated biorefinery perspective, all cork components, extractives 
included, should be considered. Cork extractives are mainly composed of aliphatic, 
phenolic and triterpenic components. The detailed chemical composition of the 
lipophilic extractives of cork and cork by-products has been recently investigated by 
Sousa et al. [12], demonstrating that this fraction could be an interesting source of 
bioactive triterpenic compounds. 
However, the information available on the phenolic fraction of cork is scarce, despite 
the fact that this group of components can also be easily extracted from those 
residues. The total contents of polymeric polyphenols from cork (lignins and tannins), 
have been reported [8, 13], as well as some low molecular weight phenolic constituents 
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of suberin [14, 15]. Conde et al. [16, 17] have reported the presence of several 
phenolic acids, namely ellagic (also reported by Sousa et al. [12]), gallic, caffeic and 
protocatechuic acids, together with vanillin, protocatechuic aldehyde, coniferaldehyde 
and sinapaldehyde in extracts of cork from Q. suber L. The presence of ellagitannins, 
namely roburin, grandinin, and castalagin in extracts of cork [18] has also been 
reported. 
The interest on natural phenolic compounds relies on the wide variety of relevant 
properties shown by this family, namely, among others, their antioxidant, anti-
inflammatory, radical scavenger and antimicrobial properties [19-21]. The interest in 
natural phenolic compounds for nutraceutical and cosmetic applications has increased 
considerably in recent years because of the mentioned properties but also because 
they do not show adverse effects as it is frequently the case of their synthetic 
counterparts [22].  
In addition, the number of studies on the composition of the phenolic fraction of cork 
extractives is limited; additionally, none of those studies accessed the antioxidant 
activity of the extracts. In this perspective, and within a wider project aiming at 
developing new strategies for the up-grading of cork by-products [9, 12], in the present 
work we report the quantification of total phenolic compounds content and detailed 
characterisation of the cork phenolic fraction by HPLC–MS, obtained by methanol and 
water extraction. For comparative purposes, the extracts and fractions obtained 
following a previously published procedure [16] were analysed. The extracts were 
evaluated in terms of their antioxidant properties, using the 2,2-diphenyl-2-
picrylhydrazyl hydrate (DPPH) radical scavenging assay [23]. 
5.2 Materials and methods 
5.2.1 Chemicals 
Gallic acid, Folin-Ciocalteu’s phenol reagent, 2,2-diphenyl-2-picrylhydrazyl hydrate 
(DPPH) and 3,5-di-tert-4-butylhydroxytoluene (BHT) were supplied by Sigma 
Chemicals Co. Diethyl ether, and the HPLC-grade methanol, water and acetonitrile, 
were obtained from Fisher  cientific Chemicals  Formic acid, methanol, ascorbic acid 
and ellagic acid were purchased from Fluka Chemie. Vanillin, vanillic acid and ferulic 
acid were supplied by Aldrich Chemicals Co. The other phenolic compounds used, 
were isolated in our department from other plant sources.  
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All other chemicals and solvents were available in our laboratories and used without 
any further purification   
5.2.2 Raw material 
Q. suber L  natural (W C) cork planks (“amadia” grade) were sampled from the south 
of Portugal (Herdade da Moinhola, Amorim Florestal). An average sample composed of 
fragments of several planks from different trees was milled in a Retsch cross beater 
mill SK1 (Haan, Germany), and the granulometric fraction of 40–60 mesh was used for 
analyses.  
5.2.3 Phenolic compounds extraction 
About 20 g of the cork powder sample was submitted to a soxhlet extraction with 
dichloromethane for 6 h, to remove the lipophilic components. Then, the solid cork 
residue was divided into two fractions (I and II), which followed distinct extraction 
pathways. Fraction I was suspended in a methanol–water mixture, 80/20 (v/v), at room 
temperature for 24 h under constant stirring [16]  The suspension was then filtered and 
MeOH removed by low-pressure evaporation. The methanol free aqueous solution was 
then extracted three times with diethyl ether, and the solvent was then removed in the 
rotary evaporator yielding MeOH/H2O extract.  
Fraction II was submitted to a methanol extraction for 6 h, and then by a reflux with 
water for 6 h. The solvents were subsequently removed from the liquid extracts by low-
pressure evaporation and freeze drying yielding MeOH and H2O extracts, respectively.  
5.2.4 HPLC–MS analysis 
Liquid chromatography of the extracts was carried out on a HPLC system HP 1050 
equipped with a Rheodyne injector with a10 µL loop, a quaternary pumping system and 
a UV detector. The wavelengths used to detect the phenolic compounds were 280 and 
340 nm. The column used was a Discovery
® 
C-18 (15 cm × 2.1 mm × 5 µm) supplied 
by Supelco. The elution was performed with water (A) and acetonitrile (B) both 
containing 0 1% of  C     the gradient profile was as follows: 0 min, 10% B  80 min, 
100% B and then held for 30 min before returning to the initial conditions  The flow rate 
was 0.2 mL min-1. Mass spectrometry analysis was performed using a Micromass 
spectrometer (Manchester, UK) equipped with an electrospray source and a triple 
quadrupole analyser. The cone voltage was between -30 and -50 V, and the capillary 
voltage ranged from -2.6 to -2.9 kV. The source temperature was 143 ºC and the 
desolvation temperature was 350 ºC. MS/MS spectra in the negative mode were 
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obtained using argon as collision gas with the collision energy set between 10 and 45 
V. 
5.2.5 HPLC-UV quantification 
Gallic and ellagic acids were used as reference compounds for quantitative analysis, at 
280 and 340 nm, respectively and with concentrations ranging between 0.05 and 1.5 
mg mL-1. The peaks areas were obtained with the UV detector monitored at 280 nm to 
gallic acid and at 340 nm to ellagic acid. The calibration curves obtained were: 
C280 nm (mg gallic acid equivalents mL
-1) = 1.80 x 10-6.area (R2 = 0.992) and C340 nm (mg 
ellagic acid equivalents mL-1) = 1.88 x 10-6.area (R2 = 0.996). Phenolic compounds 
concentrations were calculated in triplicate and the mean value calculated in each 
case.  
5.2.6 Total phenolic content 
The total phenolic content of the extracts was determined by the Folin-Ciocalteu 
method [24], as described before (Chapter 3). 2.5 mL of Folin-Ciocalteu reagent, 
previously diluted with water (1:10, v/v), and 2 mL of aqueous sodium carbonate (75 g 
L-1) were added to accurately weighed aliquots of the extracts dissolved in 0.5 mL of 
water for the H2O extract, and in methanol for the others, corresponding to 
concentrations ranging between 40 and 310 µg of extract mL-1. Each mixture was kept 
for 5 min at 50 ºC and, after cooling, the absorbance was measured at 760 nm, using a 
UV/Vis V-530 spectrophotometer (Jasco, Tokyo, Japan). The total phenolic content 
was calculated as gallic acid equivalent from the calibration curve of gallic acid 
standard solutions (1.5–60.0 µg mL-1) and expressed as g gallic acid equivalent (GAE) 
g-1 of dry extract and as g GAE kg-1 of dry cork. The analyses were carried out in 
triplicate and the average value was calculated in each case.  
5.2.7 Antioxidant activity 
The antioxidant activity of the extracts was determined by the 2,2-diphenyl-1-
picrylhydrazyl (DPPH) radical scavenging [23] and as described in Chapter 3. The 
concentration of extracts ranged between 0.3 and 90 µg mL-1 for MeOH/H2O and 
MeOH extracts and between 2.5 and 10 µg mL-1 for H2O extract. Ascorbic acid and 
3,5-di-tert-4-butylhydroxytoluene (BHT) were used as reference compounds. Triplicate 
measurements were carried out. The antioxidant activity was expressed as IC50 values 
(µg mL-1) and also expressed in g of ascorbic acid equivalents kg-1 of dry cork (g AAE 
kg-1 of dry cork).  
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5.3 Results and discussion 
5.3.1 Extraction yields and total phenolic content 
The extraction yields of the studied cork extracts and the corresponding total phenolic 
contents are shown in Table 5.1. These extraction yields were obtained after removal 
of the dichloromethane soluble fraction, which accounted for 3.6% of cork weight, in 
agreement with previously published data [12]. The yields found are within the typical 
values found for amadia grade cork [8, 12]. The total phenolic contents, determined by 
the Folin-Ciocalteu method for the three extracts are in range of 0.20–0.35 g of gallic 
acid equivalents g-1 of extract, however, when expressed in g GAE kg-1 cork, the total 
phenolic content is significantly higher in the water extract, followed by the methanol 
extract, as a consequence of the corresponding increasing extraction yields. The total 
phenolic content for cork extracts ranged from 2.4 to 10.6 g kg-1 of dry cork extracts, 
which are within the range of those obtained for a large variety of plant materials [25, 
26]. Likewise, the phenolic content for MeOH/H2O extract presents a value of 2.4 g 
GAE kg-1 of dry cork, which is coincident with those previously reported for diethyl ether 
extracts from Q. suber cork [16-18]. However, when considered together, MeOH and 
H2O extracts account for 16.5 g GAE kg
-1 of dry cork, a value considerably higher than 
that of MeOH/H2O extract, obtained through the fractionation method proposed by 
Conde et al. [16]. These results show that a considerable fraction of phenolic 
components are not extracted due to mild conditions of MeOH:H2O extraction and also 
to the subsequent ethyl ether extraction, both limiting the yield of MeOH/H2O extract. 
 
Table 5.1 – Extraction yields and total phenolic contents of cork extracts from Q. suber L. 
Extract  Extraction yield 
(%) 
Total phenolic content 
(g GAE g
-1
 of extract) (g GAE kg
-1
 of dry cork) 
MeOH/H2O 1.2  0.20 ± 0.04  2.4 ± 0.5  
MeOH  1.7  0.35 ± 0.01  5.9 ± 0.1  
H2O  3.7  0.29 ± 0.02  10.6 ± 0.6  
 
Finally, the high content of phenolic components in the water extract shows that it is 
possible to use water instead of more harmful systems to isolate this fraction, which 
could be particularly interesting when nutraceutical applications are searched for these 
extracts. 
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5.3.2 Identification of phenolic compounds 
The HPLC–   identification of phenolic compounds was carried out by comparing 
peak retention times and fragmentation profiles with reference compounds run under 
the same experimental conditions and/or with published data. The phenolic compounds 
identified in the studied extracts, as well as their quantification, retention time, 
molecular ion [M−H]
−
 values and the corresponding MS/MS fragmentation peaks are 
reported in Table 5.2.  
Compounds were identified by comparison of their retention times and fragmentation 
patterns with those of standard compounds or by comparison with published data (see 
Table 5.2). Some of these compounds were previously reported in the literature [17, 
27] as cork components, namely gallic 2, protocatechuic 3 and caffeic 7, vanillic 9, p-
coumaric 10, ferulic 11 and p-hydroxybenzoic 5 acids and esculetin 6 and vanillin 8. In 
addition to the known compounds, the ESI-MS analysis also allowed to identify, for the 
first time in cork extracts, several components, namely, salicylic acid 13, eriodictyol 14 
and naringenin 15 in MeOH/H2O extract, quinic acid 1 in MeOH extract and p-
hydroxyphenyllactic 4 acid in H2O extract. 
 
  
  
Table 5.2 – HPLC–MS evaluation of the extracts of cork from Q. suber L. expressed as mg kg
-1
 of dry cork (compounds in bold were identified for the first time 
in this species). 
Nº Rt 
(min)  
Compound  λ (nm) Phenolic content (mg kg
-1
 dry cork) MS Data  Identified 
MeOH/H2O MeOH H2O [M−H]
−
  ESI-MS/MS fragments  
1 2.80  Quinic acid  280 - TR - 191  173, 127, 111, 93, 85  [28]  
2 3.86  Gallic acid  280 30.6 48.1 241.6 169  125  Co  
3 6.27  Protocatechuic acid  280 17.5 59.0 118.3 153  109  Co  
4 6.71  p-Hydroxyphenyllactic acid  280 – – TR 181  137, 113, 109   
5 9.55  p-Hydroxybenzoic acid  280 – – 1.0 137  93  Co  
6 11.20  Esculetin  280 4.9 106.7 – 177  133, 105  [29]  
7 11.56  Caffeic acid  280 57.6 - 12.9 179  135  Co  
8 13.97  Vanillin  280 14.3 TR – 151  136  Co  
9 14.96  Vanillic acid  280 TR TR – 167  152, 108  [30] 
10 15.13  p-Coumaric acid  280 TR – – 163  119, 95  Co  
11 16.25  Ferulic acid  340 TR – – 193  178, 149, 134, 117  Co  
12 16.42  Ellagic acid  340 2031.5 1576.9 526.5 301  284, 245, 229, 201, 185, 173, 
157, 145  
Co  
13 20.32  Salicylic acid  280 32.7 – – 137  93  Co  
14 24.72  Eriodictyol  280 27.4 – – 287  151, 135,  [31]  
15 28.41  Naringenin  280 2.6 – – 271  177, 151, 119, 107  Co  
  Total (mg kg
-1
 dry cork)   2219.1 1790.7 900.3    
  Total (mg g
-1
 extract)   184.9 105.3 24.3    
T , identified compound but not possible to quantify by overlapping of peaks in  PLC chromatogram  
Co, identified by co-injection and ESI fragmentation of a reference sample. 
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5.3.2.1 Phenolic acids, aldehydes and derivatives 
Quinic acid 1 (Figure 5.1) shows a fragmentation in accordance with the literature [28], 
with a [ − ]
−
 ion at m/z 191 and product ions at m/z 173, 127, 111, 93 and 85. 181. 
Quinic acid 1 is a derivative of chlorogenic acid, which can be found in many plant 
species [28], including teas [32], but it has never been reported in cork extracts. Quinic 
acid is used as precursor of the synthesis of compounds with pharmaceutical 
applications and, interestingly, in the treatment of some influen a strains [33]. 
Peaks 2, 3, 5, 8, 12 and 13 were assigned to gallic, protocatechuic and p-
hydroxybenzoic acids, vanillin and ellagic and salicylic acids (Figure 5.1), respectively, 
with their retention time, [M–H]- ions and corresponding product ions in accordance 
with the respective standards. 
 
Figure 5.1 – Structures of phenolic acids, aldehydes and derivatives identified in Q. suber cork 
Compound 9 was identified as vanillic acid (Figure 5.1) based on its [ − ]− ion at m/z 
167 and the respective MS/MS product ions at m/z 152 and 108, corresponding to the 
loss of methyl group followed by the loss of carboxylic group (Figure 5.2). This 
identification was corroborated with the literature [30].  
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Figure 5.2 – a) MS/MS spectrum and b) fragmentation pathway of vanillic acid 9 
 
5.3.2.2 Cinnamic acids 
Compounds 7, 10 and 11 were identified as caffeic, p-coumaric and ferulic acids 
(Figure 5.3), respectively, by comparing their retention times and fragmentation 
pathways observed in the MS/MS spectra with those of the corresponding reference 
compounds. 
 
Figure 5.3 – Structures of cinnamic acids identified in Q. suber cork 
Peak 4 was assigned to p-hydroxyphenyllactic acid (Figure 5.3), which shows a [ − ]
−
 
ion at m/z 181. Although there is no reference about the ESI fragmentation of this 
compound, its spectrum revealed the typical fragmentation of its constituents groups, 
with product ions at m/z 137 and 109, due to the losses of –COO and –CO groups, 
a)
b)
- CH3- COO
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respectively. The MS/MS spectrum and fragmentation pathway proposed for this 
compound is shown in Figure 5.4. 
 
Figure 5.4 – a) MS/MS spectrum and b) fragmentation pathway proposed for p-
hydroxyphenyllactic acid 4 
 
5.3.2.3 Coumarins 
Compound 6 was identified as esculetin (Figure 5.5) based on its molecular ion [M−H]
−
 
at m/z 177 and the respective product ions at m/z 133 (−44 a, −C 2) and 105 (−28 a, 
−CO), which are in agreement with the data published in literature [29].  
 
Figure 5.5 – Structure of esculetin 6 
 
5.3.2.4 Flavonoids 
Eriodictyol 14 (Figure 5.6) has a molecular ion [ − ]
−
 at m/z 287 and corresponding 
product ions at m/z 151 and 135 in agreement with published data [31]  The [ − ]
−
 
b)
a)
- COO
- CO
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and the product ions of naringenin 15 (Figure 5.6) at m/z 271 and 177, 151, 119 and 
107, respectively, are also in tune with the fragmentation suffered by the standard 
compound.  
 
Figure 5.6 – Structures of flavonoids identified in Q. suber cork 
Naringenin 15 is known to be present in citrus fruits [34]. However, its existence, 
together with eriodictyol 14, was already reported in extracts of Populus tremula and in 
some pine species [35, 36]. 
5.3.3 HPLC quantification of phenolic compounds  
The quantification of phenolic compounds by HPLC for each cork extract is presented 
in Table 5 2  The major components identified in all extracts were ellagic acid, followed 
by caffeic 7 and salicylic acids 13 in methanol/water extract, and by gallic 2 and 
protocatechuic 3 acids considering the methanol extraction followed by water. The 
contents of ellagic acid 12 are 2.0 g kg-1 of dry cork in MeOH/H2O extract, and 1.6 and 
0.5 g kg-1 of dry cork in MeOH and H2O extracts, respectively; these values are in the 
range of those previously reported for natural cork extracts [12, 16], taking into 
consideration the well-known natural variability of cork composition [17].  
In general, the phenolic components of the studied extracts were quantified in higher 
amounts considering the sum of MeOH and H2O extracts (accounting for a total of 2.7 
g kg-1), than in the MeOH/H2O extract (a total of 2.2 g kg
-1).  
However, while the increase in the total amounts of phenolic compounds detected by 
HPLC–MS in MeOH and H2O extracts (in mg kg
-1 dry cork) is in the order of 21%, when 
compared to MeOH/H2O extract, in the case of the corresponding total phenolic 
compounds contents (Table 5.1), the increase was considerably higher (roughly a 
sevenfold difference). This could means that a considerable fraction of phenolic 
compounds was not detected even by HPLC–MS under the experimental conditions 
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used. These should, certainly, correspond to high molecular weight cork tannins [13, 
17]. In addition, some non-phenolic compounds, interfering in the Folin-Ciocalteu 
method and leading to an over-estimation of total phenolic compounds content [37] can 
contribute to the high values reported in both methanol and water extracts.  
5.3.4 Antioxidant activity 
Table 5.3 the antioxidant activity of the studied extracts, expressed in terms of the 
amount of extract required to reduce into 50% the DPPH concentration (IC50), as well 
as in terms of the ascorbic acid equivalents (AAE) on a dry cork basis (mg AAE g-1 dry 
cork). The IC50 values for ascorbic acid and for BHT were also obtained and reported in 
Table 5.3 for comparative purposes. These extracts have revealed an antioxidant 
activity considerably higher than that reported for BHT and in the range of that 
measured for ascorbic acid. These observations are in agreement with reported 
results, which demonstrate that the antioxidant activity of some phenolic compounds 
could be higher than ascorbic acid and BHT [25, 38]. Interestingly, the antioxidant 
activities of the studied extracts are significantly higher than those reported for some 
wines, recognized for their antioxidant properties [39]. 
 
Table 5.3 – Antioxidant activity of the extracts of cork by DPPH radical scavenging, expressed 
as IC50 values, in µg of extract mL
-1
, and as mg of ascorbic acid equivalents g
-1
 of dry cork 
 IC50  
(µg mL
-1
) 
values in ascorbic acid 
equivalents 
(mg AAE g
-1
 dry cork) 
Ascorbic acid in MeOH 2.12 ± 0.06 - 
Ascorbic acid in H2O 2.46 ± 0.11 - 
BHT 18.79 ± 0.22 - 
MeOH/H2O extract 2.79 ± 0.15 9.15 ± 0.51 
MeOH extract 3.58 ± 0.20 10.11 ± 0.54 
H2O extract 5.84 ± 0.29 15.59 ± 0.75 
 
In general, the obtained IC50 values demonstrated a higher antioxidant activity for 
MeOH/H2O extract, followed by MeOH and H2O extracts. This decreasing antioxidant 
activity cannot be directly related with the amounts of components detected by HPLC–
MS in each extract, as the decrease of this fraction (in mg g-1 of extract, see last row of 
Table 5.2) is much more substantial, nor with the total phenolic content (in g GAE g-1 of 
extract, Table 5.1), but rather, it should be the result of a combination of the effect of 
both the detected components along with the non-detected phenolic fractions.  
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Finally, the antioxidant capacity as AAE on a dry cork basis, increased proportionally to 
the extraction yields and total phenolic content (Table 5.1), with H2O extract reaching 
the higher antioxidant potential. These results are promising, since cork water extracts 
could be used with obvious advantages as natural antioxidants in nutraceutical 
applications, when compared to organic solvent extracts. 
5.4 Conclusions 
In this work, different cork extracts from Q. suber L. were obtained following two distinct 
fractionation schemes, namely methanol/water extraction followed by ethyl ether 
fractionation and sequential extraction with methanol and water. The extracts were 
studied in terms of total phenolic content (Folin-Ciocalteu method), detailed 
composition by HPLC–MS, and antioxidant activity. The HPLC–MS allowed to identify 
15 phenolic compounds, among which ellagic acid followed by gallic and 
protocatechuic acids were the most abundant, and several others were reported for the 
first time as cork components (namely salicylic acid, naringenin, eriodictyol, quinic acid 
and p-hydroxyphenyllactic acid)  To the best of our knowledge, this is also the first 
paper describing the phenolic compounds present in a H2O extract of cork. The 
antioxidant activity of the extracts, evaluated using the DPPH radical scavenging 
assay, showed to be considerably higher than that of BHT, and in the range of that of 
ascorbic acid. The antioxidant potential per mass unit of the three extracts is in similar 
ranges, but the high extraction yields obtained by water extraction constitutes a 
promising result for its exploitation in nutraceutical applications, as well for the 
valorisation of cork as a renewable resource. 
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Abstract 
The phenolic composition of cork powder and black condensate, two by-products from 
the cork industry, was investigated by the first time using high-performance liquid 
chromatography-multi-stage mass spectrometry (HPLC-MSn). The same methodology 
of extraction was applied to cork, for comparative purposes. Eighteen phenolic 
compounds were identified in cork, five of them are reported for the first time as its 
constituents. Sixteen and thirteen phenolic compounds were identified as cork powder 
and black condensate components, respectively, with only one compound of each one 
published before as its constituent. The antioxidant scavenging of the extracts were 
evaluated, being, to our knowledge, the first study concerning the antioxidant activity of 
these cork residues. The extracts present an antioxidant activity higher than BHT, with 
black condensate showing the lowest IC50 value. These results, together with the 
phenolic content values, demonstrate the high potential of these residues as source of 
high value compounds 
. 
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5.5 Introduction 
Cork, the outer bark of Quercus suber L., an important species in the Mediterranean 
basin shows unique properties, such as high elasticity and low permeability [1-3]. This 
renewable material has a large variety of applications, among which the production of 
stoppers for wine and other alcoholic beverages is by far the most important, followed 
by its applications in thermal and/or acoustic insulation materials. Cork industry is a key 
sector in the Portuguese economy since the country is the main cork producer and 
exporter in the world (representing, in 2005, a value of 60% of the world cork 
exportations) [4].  
During cork stoppers and disks production this industry produces cork residues, which 
are then granulated for the production of agglomerated materials. Throughout this 
process, a low granulometry fraction is generated, the “cork powder”, which is not 
suitable for the production of agglomerates. This by product represents about 22 % of 
the total cork production, corresponding annually to about 34 000 tonnes [5] and, due 
to its high heating value, is currently mainly used for energy production [5, 6].  
The insulation corkboard industry also generates another residue, the “black 
condensate”, a pasty-like black waste, during the production of black agglomerates. 
This process involves the treatment of cork particles, without any adhesive and at high 
temperatures (250−500 °C), which cause the formation of vapours that condense later 
in autoclave pipes. Black condensate is removed periodically (2500 tonnes/year) and 
simply burned to produce energy [5].  
Several studies have been carried out to study new applications for cork and its by-
products [7, 8], aiming to promote their valorisation. In fact, the agro-forest by-products 
are seen, in the recent years, as emerging alternatives for the petrochemical derived 
products, within the emerging biorefinery concept [9]. Therefore, the detailed study of 
the chemical composition of cork and industrial cork by-products is a key step towards 
the implementation of these strategies.  
Natural cork is mainly composed by suberin (~40%), lignin (~25%), polysaccharides 
(~20%) and extractives (~15%), with substantial variability, depending, among others, 
in climatic and soil conditions, the geographic origin or the tree dimensions and age 
[10-12]. Suberin, with its unique chemical composition and natural abundance, already 
has shown to be a promising valuable renewable resource in the preparation of novel 
materials [1, 3, 13-15]. Cork extractives have also attracted substantial attention. The 
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triterpenic fraction and friedelin in particular, due to their abundance and well know 
biological properties have attracted special attention [16-18]. The phenolic composition 
of cork from Q. suber has been object of a several studies in the last few years [12, 19-
21]. Phenolic acids, aldehydes and flavonoids have been reported as cork constituents, 
with ellagic acid referred as the most abundant phenolic compound in cork extracts [10-
12, 19]. These classes of compounds are well known by their numerous biological 
properties, such as antioxidant, anti-thrombotic or antiproliferative activities, among 
others [22, 23]. Several authors also reported cork as a valuable source of tannins [24], 
which are also known for their peculiar properties and applications [25, 26]. Recently, 
Fernandes et al. [21] also identified several gallic and ellagic acid derivatives in Q. 
suber cork. 
Although there is a significant amount of studies focusing the composition of cork, there 
is a gap in the literature concerning the characterisation of industrial cork by-products. 
The aliphatic composition of cork powder and black condensate were already 
described [27]. However, studies concerning the characterisation of phenolic fraction 
from these industrial cork by-products are extremely scarce. In fact, only Sousa et al. 
[27] have identified some phenolic compounds in these residues, namely ellagic acid in 
cork powder and catechol, benzoic, ferulic and vanillic acids and two vanillic acid 
derivatives in black condensate. However, this study only involved analysis of extracts 
by gas chromatography-mass spectrometry (GC-MS), which do not allow the detection 
of more polar and higher molecular weight phenolic compounds.  
In this way, and following our interest on the detailed characterisation and valorisation 
of cork by-products [13, 15, 27], the objective of the present study was to characterise 
in detail the phenolic fraction of cork powder and black condensate, as well as cork, for 
comparative purposes, using high-performance liquid chromatography-multi-stage 
mass spectrometry (HPLC-MSn). Furthermore, the antioxidant scavenging of the 
extracts obtained were evaluated, being the first study concerning the analysis of this 
activity on these industrial cork by-products. 
5.6 Materials and methods 
5.6.1 Chemicals 
Dichloromethane (99 % purity), gallic acid (purity higher than 97.5 %), quercetin (purity 
higher than 98 %), vanillin (99 % purity), Folin-Ciocalteu’s phenol reagent and, 3,5-di-
tert-4-butylhydroxytoluene (BHT) (purity higher than 99 %) and 2,2-diphenyl-1-
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picrylhydrazyl hydrate (DPPH) were supplied by Sigma Chemical Co (Madrid, Spain). 
Protocatechuic acid (purity higher than 97 %), caffeic acid (purity higher than 95 %) 
and naringenin (98 % purity) were obtained from Aldrich Chemical Co (Madrid, Spain). 
HPLC-grade methanol, water and acetonitrile were supplied from Fisher Scientific 
Chemicals (Loures, Portugal). Sodium carbonate (99.9 % purity) was supplied by 
Pronalab (Lisbon, Portugal). Formic acid (purity higher than 98 %), ascorbic acid (purity 
higher than 99.5 %), methanol (purity higher than 99.8 %) and ellagic acid (96 % purity) 
were purchased from Fluka Chemie (Madrid, Spain). Solvents were filtered using a 
Solvent Filtration Apparatus 58061 from Supelco (Bellefonte, PA, USA). 
5.6.2 Raw materials 
Industrial cork powder (ICP) was sampled in Corticeira Amorim mill (Portugal); black 
condensate (BC) was sampled in Amorim Revestimentos mill (Portugal). Q. suber L. 
natural cork planks -“amadia” grade- (NC) was sampled from the south of Portugal 
(Herdade da Moinhola, Amorim Florestal mill, Portugal). Average samples of NC and 
BC were milled in a Retsch cross-beater mill SK1 (Haan, Germany), and the 
granulometric fraction of 40−60 mesh was used for analyses.  
5.6.3 Sample preparation 
About 20 g of each dried sample were submitted to a Soxhlet extraction with 
dichloromethane for 6 hours to remove the lipophilic fraction. The phenolic fraction was 
then extracted from the solid residues following previously optimised conditions [28, 
29]: suspended (m/v: 1:100) in a methanol:water (MeOH:H2O) mixture, 50/50 (v/v), at 
room temperature for 24 hours under constant stirring. The suspensions were then 
filtered, MeOH removed by low pressure evaporation and the extracts freeze dried. 
5.6.4 Total phenolic content 
The total phenolic content (TPC) of the extracts was determined by the Folin-Ciocalteu 
method [30], as described before [20]. The extracts concentrations ranged between 80 
and 320 μg of extract mL-1. TPC was calculated as gallic acid equivalents from the 
calibration curve of gallic acid standard solutions (10 - 85 0 μg mL-1) and expressed as 
mg of gallic acid equivalents (GAE) g-1 of extract. The analyses were carried out in 
triplicate and the average value was calculated in each case. 
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5.6.5 HPLC-UV procedure  
The HPLC system consisted of a variable loop Accela autosampler (200 vial capacity 
set at 15 °C), an Accela 600 LC pump and an Accela 80 Hz PDA detector (Thermo 
Fisher Scientific, San Jose, Ca, USA). The separation of the compounds was carried 
out with a gradient elution program at a flow rate of 0.2 mL min−1, at 21 ºC, by using a 
Discovery® C-18 (15 cm x 2.1 mm x 5 µm) column supplied by Supelco (Agilent 
Technologies, Waldbronn, Germany). The injection volume in the HPLC system was 10 
μl and the mobile phases consisted in water:acetonitrile (90:10, v/v) (A) and acetonitrile 
(B), both with 0.1% of formic acid. The following linear gradient was applied: 0-3 min: 
0% B; 3-10 min: 0-10% B; 10-30 min: 10-20% B; 30-35 min: 20-25% B; 35-50 min: 25-
50% B; 50-60 min: 50-0% B. Then the re-equilibration of the column was performed 
during 10 minutes before the next run. Double online detection was carried out in the 
diode array detector, at 280 and 340 nm, and UV spectra in a range of 200-600 nm 
were also recorded. Before the injection, each extract was dissolved in a MeOH:H2O 
(50:50) mixture HPLC grade, to obtain final concentrations between 5 and 10 mg mL-1, 
and then filtered through a 0.2 µm PTFE syringe filter. 
5.6.6 ESI–MSn analysis  
The HPLC was coupled to a LCQ Fleet ion trap mass spectrometer (ThermoFinnigan, 
San Jose, CA, USA), equipped with an electrospray ionization source and operating in 
negative mode. The flow rate of nitrogen sheath and auxiliary gas were 40 and 5 
(arbitrary units), respectively. The spray voltage was 5 kV and the capillary 
temperature, 300 °C. The capillary and tune lens voltages were set at -28 V and -115 
V, respectively. CID-MSn experiments were performed on mass-selected precursor 
ions in the range of m/z 100–1000. The isolation width of precursor ions was 1.0 mass 
units. The scan time was equal to 100 ms and the collision energy was optimised 
between 15-45 (arbitrary units), using helium as collision gas. The data acquisition was 
carried out by using Xcalibur® data system (ThermoFinnigan, San Jose, CA, USA). 
5.6.7 HPLC-UV quantification 
Calibration curves were obtained by HPLC injection of gallic, protocatechuic, caffeic 
and ellagic acids and vanillin, quercetin and naringenin standard solutions in MeOH, 
with five different concentrations between 5 and 500 µg mL-1. The data relevant for 
obtaining the calibration curves is shown in Table 5.4. 
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Table 5.4 – Calibration data used for the HPLC-UV quantification of phenolic components of 
cork, cork powder and black condensate extracts 
Compound λ 
(nm) 
Conc. Range 
(µg mL
-1
) 
Calibration curve
a
 R
2
 LOQ
b
 LOD
b
 
Gallic acid 280 5 –200 y = 240930x-82282 0.999 10.68 35.59 
Protocatechuic acid 280 5 – 500 y = 289949x+1523054 1.000 12.20 40.66 
Vanillin 280 5 – 200 Y = 526547x+590233 0.993 24.16 80.53 
Caffeic acid 280 5 – 200 Y = 651735x+893078 0.991 28.05 93.52 
Ellagic acid 340 5 – 500 y = 229614x-1091693 0.999 45.94 153.13 
Quercetin 340 5 – 250 y = 519503x-1910957 0.998 32.50 108.34 
Naringenin 280 5 – 200 y = 623591x+1103161 0.997 38.81 129.36 
a
 y = peak area, x = concentration in µg mL
-1
; 
b
 expressed in µg mL
-1
 
 
Quantification of individual compounds (Table 5.7) was obtained using the calibration 
data of the most similar standard, as for some of which no pure reference compounds 
were available. Compounds concentrations were calculated in triplicate and the mean 
value calculated in each case.  
5.6.8 Antioxidant activity 
The antioxidant activity of the extracts was determined by the 2,2-diphenyl-1-
picrylhydrazyl (DPPH) radical scavenging [31], following a procedure described before 
[20]. The extracts concentrations were between 1 and 7 µg mL-1. Ascorbic acid and 
3,5-Di-tert-4-butylhydroxytoluene (BHT) were used as reference compounds. 
Triplicate measurements were carried out. The antioxidant activity expressed as IC50 
values and also as g of ascorbic acid equivalents kg-1 of dry basis (g AAE Kg-1 of dry 
starting material). 
5.7 Results and discussion 
5.7.1 Extraction yields and total phenolic content 
The extraction yields of the MeOH/H2O extracts of the cork and cork residues analysed 
and the respective total phenolic content, determined by Folin-Ciocalteu method are 
shown in Table 5.5. 
The extraction yields are distinct between them, with NC showing the higher value, 
followed by ICP and BC (about 5.9, 2.3 and 1 %, respectively). These yields are slightly 
higher than those previously reported [20, 27], which, apart from natural variation of the 
composition of these materials, is also associated with the extraction conditions used, 
including the solvent mixtures and the higher m/v ratio used. Black condensate shows 
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the lower extraction yield value (9.9 g Kg-1 dry starting material), which is due to the 
volatile and predominantly dichloromethane nature soluble (~93%) of this residue [27]. 
 
 
Table 5.5 – Extraction yield and total phenolic content of cork, cork powder and black 
condensate 
Extract Extraction yield Total phenolic content 
 (%) 
(mg GAE g
-1
  
of extract) 
(g GAE Kg
-1
 of dry  
starting material) 
NC 5.93 336.34 ± 1.15 19.94 ± 0.07 
ICP 2.26 254.54 ± 0.28 5.74 ± 0.01 
BC 0.99 167.32 ± 0.61 1.66 ± 0.01 
 
 
The total phenolic content of the three extracts ranged between 167.32 – 336.34 mg 
GAE g-1 of extract. The NC extract shows the highest value, followed by ICP and BC. 
This was expected since, on the one hand, cork powder is composed mainly by the 
inner and by the unsheltered outer fractions of cork planks [27], which could lead to the 
degradation of phenolic compounds. On the other hand, black condensate is mainly 
composed by more volatile compounds. When expressed on g GAE Kg-1 of starting 
material, the difference between the extracts becomes more explicit, as a result of the 
extraction yield values. The NC extract shows a higher value than those published 
before, but obtained using other solid-liquid extraction methodologies [12, 20, 24], 
which demonstrates the suitability of a methanol:water extraction applied at mild 
conditions in the extraction of phenolic compounds. Nevertheless, the three extracts 
show total phenolic contents in the same range of those published before for a wide 
range of fruits and plants [32], well-known as sources of this class of compounds. 
Moreover, NC shows a value slightly higher than those. 
5.7.2 Identification of phenolic compounds 
The identification of the components of MeOH/H2O extracts of NC, ICP and BC was 
carried out by HPLC-UV-MSn. Table 5.6 summarizes the phenolic compounds 
identified in each extract, their retention time, the molecular ion [M-H]-, and the product 
ions obtained by MSn. Table 5.6 also contains information about which compounds 
were already described as cork constituents, and the respective bibliographic 
reference.  
  
  
Table 5.6 – Phenolic compounds identified in cork, cork powder and black condensate and corresponding MS
n
 fragmentation profiles 
No. Rt         
(min) 
Compound  [M-H]
-
 (m/z) MS
n
 product ions (m/z) identified 
1 2.72 Quinic acid 191 MS
2
: 173, 171, 127, 111, 93, 85  
2 2.91 Gallic acid 169 MS
2
: 125 Co 
3 4.52 p-hydroxyphenyllactic acid 181 MS
2
: 137, 113, 109  
4 5.05 Protocatechuic acid 153 MS
2
: 109 Co 
5 8.55 p-coumaric acid 163 MS
2
: 119 Co 
6 9.57 Methyl gallate 183 MS
2
: 168, 124 [28] 
7 10.27 Vanillin 151 MS
2
: 136 Co 
8 11.38 Esculetin 177 MS
2
: 133, 105 [20] 
9 11.60 Brevifolin-carboxylic acid 291 MS
2
: 247; MS
3
: 203, 175 [33] 
10 11.68 Caffeic acid 179 MS
2
: 135  Co 
11 13.31 Coniferaldehyde 177 MS
2
: 162, 149, 133 [21] 
12 15.40 Caffeic acid isoprenyl ester 247 MS
2
: 179; MS
3
: 135 [34] 
13 14.37 Valoneic acid dilactone 469 MS
2
: 425; MS
3
: 407, 301 [21] 
14 16.80 Ellagic acid-pentoside 433 MS
2
: 301, 300; MS
2
: 284, 257, 229, 228, 185 [35] 
15 16.91 Ellagic acid-rhamnoside 447 MS
2
: 301, 300; MS
3
: 257, 229, 185 [35] 
16 17.04 Ellagic acid 301 MS
2
: 284, 257, 229, 213, 201, 185 Co 
17 19.74 Isorhamnetin-rhamnoside 461 MS
2
: 315, 300; MS
3
: 300; MS
4
: 272, 271, 244 [28] 
18 20.42 Eriodictyol 287 MS
2
: 151 [20] 
19 21.92 Isorhamnetin 315 MS
2
: 300; MS
3
: 272, 271, 244 [28] 
20 22.62 Ferulic acid 193 MS
2
: 178, 149, 134 Co 
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5.7.2.1 Phenolic acids, aldehydes and derivatives 
Gallic 2 and protocatechuic 4 acids and vanillin 7 (Figure 5.7) were identified by 
comparing their retention times and mass spectra with those of reference substances. 
Compound 1 was identified as quinic acid (Figure 5.7), based on its [M-H]- at m/z 191 
and MS2 spectrum showing ions at m/z 173 ([M-H-H2O]
-) and 127 ([M-H-CO-2H2O]
-) 
[20]. Compound 3 was assigned to p-hydroxyphenyllactic acid, with its [M-H]- ion at m/z 
181 showing product ions at m/z 137 ([M-H-COO]-) and at m/z 109 ([M-H-COO-CO]-) 
[20]. Compound 6 was identified as methyl gallate (figure 5.7) based on its [M-H]- ion at 
m/z 183 and MS2 spectrum showing the product ions at m/z 168 (-15 Da, -CH3) and at 
m/z 124 (further loss of carboxylic group) [28].  
 
Figure 5.7 – Structures of phenolic acids, aldehydes and derivatives identified in Q. suber cork, 
cork powder and black condensate 
 
5.7.2.2 Cinnamic acids and derivatives  
Compounds 10 and 20 were identified as caffeic and ferulic acids (Figure 5.8), 
respectively, based on their retention times, [M-H]- ions and resultant product ions, 
which match with the respective reference compounds. Compound 11 presents a [M-
H]- ion at m/z 177 and respective MS2 spectrum characteristic of coniferaldehyde [21], 
with product ions at m/z 162 ([M-H-CH3]
-) and at m/z 149 ([M-H-CO]-). 
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Figure 5.8 – Structures of cinnamic acids and derivatives identified in Q. suber cork, cork 
powder and black condensate 
Compound 12 was assigned to caffeic acid isoprenyl ester, based on its [M-H]- ion at 
m/z 247 and further MS2 spectrum, which has a product ion at m/z 179, corresponding 
to the phenolic acid (Figure 5.9). Further MS3 spectrum (Figure 5.9) of this ion shows 
the characteristic fragmentation of caffeic acid authentic standard, with a product ion at 
m/z 135, resulting from the loss of the carboxylic group [34].  
 
Figure 5.9 – MS
n
 spectra (left) and fragmentation pathway (right) of caffeic acid isoprenyl ester 
12 
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5.7.2.3 Coumarins and derivatives 
Compound 8 was identified as esculetin, on the basis of its characteristic [M-H]- at m/z 
177 and MS2 product ions at m/z 133 and at m/z 105, due to the loss of –COO and 
further loss of –CO groups, respectively [20].  
 
Figure 5.10 – Structures of coumarins identified in Q. suber cork, cork powder and black 
condensate 
Compound 9 was assigned to brevifolin carboxylic acid, with its [M-H]- ion at m/z 291 
and MS2 and MS3 spectra (Figure 5.11), which show the product ions at m/z 247 (-44 
Da, -COO), at m/z 203 (-44 Da, -COO) and at m/z 175 (-28 Da, -CO). These data are 
consistent with those reported in the literature [33]. 
 
Figure 5.11 – a) MS
n
 spectra and b) fragmentation pathway of brevifolin carboxylic acid 9 
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5.7.2.4 Ellagic acid and derivatives 
Compound 16 was assigned to ellagic acid (Figure 5.12), based on its retention time, 
[M-H]- ion at m/z 301 and respective product ions, which match with those of reference 
compound. Compound 13 was identified as valoneic acid dilactone (Figure 5.12), on 
the basis of its [M-H]- ion at m/z 469 and MS2 product ion at m/z 425 (-44 Da, -COO). 
This identification was further corroborated with the MS3 spectrum of this last ion, 
showing the product ions at m/z 407 (-18 Da, -H2O) and at m/z 301, corresponding to 
the ellagic acid moiety [21]. Compounds 14 and 15 were identified as ellagic acid 
pentoside and ellagic acid rhamnoside (Figure 5.12), respectively, based on their 
characteristic molecular ion [M-H]-, at m/z 433 and 477, respectively, and MSn 
fragmentation profile. Both compounds show a MS2 product ion at m/z 301, 
corresponding respectively to the loss of a pentose (compound 14) and rhamnose 
(compound 15) units [29, 35]. Furthermore, the MS3 spectra of the ions at m/z 301 
show the characteristic fragmentation profile of ellagic acid standard.  
 
Figure 5.12 – Structures of ellagic acids and derivatives identified in Q. suber cork, cork powder 
and black condensate 
 
5.7.2.5 Flavonoids and flavonoid glycosides 
Compound 17 was assigned to isorhamnetin-rhamnoside (Figure 5.13), with its [M-H]- 
at m/z 461 and MS2 spectrum showing a product ion at m/z 315 (loss of rhamnose 
moiety). Additionally, the subsequent MS3 (315→300) and   4 (300→272) product 
ions are in agreement with those previously published for isorhamnetin aglycone [28]. 
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In addition, compound 19 was identified as isorhamnetin (Figure 5.13), with its [M-H]- at 
m/z 315 and its MSn product ions matching with this O-methylated-flavonol [28]. 
Compound 18 was assigned to eriodictyol (Figure 5.13), based on its [M-H]- ion at m/z 
287 and MS2 product ion at m/z 151, corresponding to retro-Diels-Alder fission 1,3A-, 
characteristic of this flavanone [28, 36]. 
 
Figure 5.13 – Flavonoids and flavonoid glycosides identified in Q. suber cork, cork powder and 
black condensate 
 
5.7.3 HPLC quantification of phenolic compounds 
The phenolic composition of each extract quantified by HPLC is given in Table 5.7.  
Most of the compounds identified in the present extracts were previously reported as 
Q. suber cork components, namely quinic 1, gallic 2, p-hydroxypheyllactic 3, 
protocatechuic 4, p-coumaric 5, caffeic 10, ellagic 16 and ferulic 20 acids and vanillin 7, 
esculetin 8, coniferaldehyde 11, valoneic acid dilactone 13, ellagic acid-pentoside 14, 
ellagic acid-rhamnoside 15 and eriodictyol 18 [12, 19-21, 37]. Additionally, five phenolic 
compounds are reported here for the first time as Quercus suber cork constituents, 
namely methyl gallate 6, brevifolin carboxylic acid 9, caffeic acid isoprenyl ester 12 
isorhamnetin-rhamnoside 17 and isorhamnetin 19. Some of these compounds are well 
known as constituents of other vegetal sources [28, 29, 33, 34]. Ellagic 16 and ferulic 
20 acids were also identified before as constituents of cork powder and black 
condensate, respectively [27]. Therefore, fifteen of the sixteen phenolic compounds 
identified are reported for the first time as constituents of industrial cork powder, 
namely quinic 1, gallic 2, protocatechuic 4, caffeic 10 and ferulic 20 acids and methyl 
gallate 6, esculetin 8, brevifolin carboxylic acid 9, coniferaldehyde 11, caffeic acid 
isoprenyl ester 12, valoneic acid dilactone 13, ellagic acid-pentoside 14, ellagic acid-
rhamnoside 15, isorhamnetin-rhamnoside 17 and isorhamnetin 19. In the same way, 
thirteen phenolic compounds were identified in black condensate, twelve of them for 
the first time, namely quinic 1, gallic 2, p-hydroxypheyllactic 3, protocatechuic 4, p-
coumaric 5, caffeic 10 and ellagic 16 acids and vanillin 7, esculetin 8, coniferaldehyde 
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11, caffeic acid isoprenyl ester 12 and eriodictyol 18. From a qualitative point of view, 
cork and cork powder were found to have a similar composition. With the exception of 
p-hydroxyphenyllactic acid 3 and eriodictyol 18 (identified in NC extract), all the other 
compounds were identified in both extracts. 
Ellagic acid 16 was identified as the major phenolic compound in cork and cork powder 
extracts. In fact, this compound has been widely reported as the main constituent of 
polar extracts of cork from Q. suber [12, 20]. However, the contents of this compound 
differ significantly, accounting for 1246.46 mg Kg-1 dry cork against 527.59 mg Kg-1 dry 
cork powder. A similar difference in the relative abundance of components from cork 
and cork powder was already reported before for triterpenic compounds [27] and must 
be related to the variability of cork composition. In the rank of the major compounds it 
follows ellagic acid-pentoside 14 and ellagic acid-rhamnoside 15 and gallic acid 2 in 
NC extract and gallic acid 2 and esculetin 8 in ICP extract. In contrast, coniferaldehyde 
11, esculetin 8 and gallic acid 2 were identified as the main constituents of black 
condensate, with values of 194.34, 125.28 and 118.46 mg Kg-1 dry black condensate, 
respectively.  
Cork has shown considerably higher content on identified phenolic compounds (4.2 g 
Kg-1 dry basis), which is in agreement with the total phenolic content analysis by Folin-
Ciocalteu method, described above. Furthermore, the amount of identified phenolic 
compounds of NC is considerably higher than those described before for cork extracts 
[20], which is due, mainly to the higher extraction yield obtained in this study. When the 
phenolic content is expressed as mg g-1 of extract the differences between the three 
extracts remain almost imperceptible, with the BC extract with the higher amount of 
identified phenolic compounds. This result demonstrates the enormous potential of this 
unexploited residue together with cork powder as a source of valuable phenolic 
compounds. 
. 
  
 
Table 5.7 – Abundance of phenolic compounds identified in cork, cork powder and black condensate 
No. Compound  λ (nm) Rt (min) Phenolic content (mg Kg
-1
 dry starting material) 
(mg Kg
-1
 dry starting material) 
presence in cork or cork 
by-products NC ICP BC 
1 Quinic acid
a
 280 2.72 372.86±1.94 137.02±0.50 117.17±0.30 NC [20] 
2 Gallic acid
a
 280 2.91 736.48±1.63 263.04±0.52 118.46±0.61 NC [12, 19-21, 37] 
3 p-hydroxyphenyllactic acid
a
 280 4.52 TR - 49.36±0.12 NC [20] 
4 Protocatechuic acid
b
 280 5.05 79.26±0.10 16.44±0.01 9.97±0.03 NC [12, 19-21, 37] 
5 p-coumaric acid
c
 280 8.55 - - 35.76±0.22 NC [20] 
6 Methyl gallate
a
 280 9.57 251.43±0.06 96.93±0.56 - RP
j
 
7 Vanillin
d
 280 10.27 - - 32.47±0.25 NC [12, 19, 21, 37] 
8 Esculetin
a
 280 11.38 391.59±1.10 176.80±0.60 125.28±0.65 NC [20] 
9 Brevifolin-carboxylic acid
a
 280 11.60 102.03±0.08
i(9+10)
 53.72±0.15
i(9+10)
 - RP 
10 Caffeic acid
c
 280 11.68 17.68±0.05 NC [12, 19-21, 37] 
11 Coniferaldehyde
a
 280 13.31 TR
h
 TR 194.34±0.56 NC [12, 19, 21, 37] 
12 Caffeic acid isoprenyl ester
c
 280 15.40 127.98±0.28 82.47±0.29 13.32±0.04 RP 
13 Valoneic acid dilactone
e
 340 14.37 168.01±0.70 46.05±0.11 - NC [21, 37] 
14 Ellagic acid-pentoside
e
 340 16.80 770.16±0.15
i(14+15)
 46.18±0.15
i(14+15)
 - NC [37] 
15 Ellagic acid-rhamnoside
e
 340 16.91 - NC [37] 
16 Ellagic acid
e
 340 17.04 1246.46±0.18 527.59±1.70 52.52±0.18 NC [12, 19-21, 37]; ICP [27] 
17 Isorhamnetin-rhamnoside
f
 340 19.74 TR TR - RP 
18 Eriodictyol
g
 280 20.42 TR - TR NC [20] 
19 Isorhamnetin
f
 340 21.92 TR TR - RP 
20 Ferulic acid
c
 280 22.62 TR 14.77±0.02 TR NC [12, 19-21, 37]; BC [27] 
 Total (mg Kg
-1
 dry starting material) 4246.28±5.35 1461.01±0.79 766.73±0.93  
 Total (mg g
-1
 extract)   71.63±0.09 64.73±0.04 77.51±0.09  
Calibrations curve used: 
a
 gallic acid, 
b
 protocatechuic acid, 
c
 caffeic acid, 
d
 vanillin, 
e
 ellagic acid, 
f
 quercetin, 
g
 naringenin; 
h
 TR – traces;
 i
Sum of the phenolic content by partial 
overlapping; 
j
 reported for the first time as Quercus suber cork component. 
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5.7.4 Antioxidant activity 
Table 5.8 presents the results of the antioxidant activity of the studied extracts, 
expressed in terms of the amount of extract needed to decrease the DPPH 
concentration by 50% (IC50), as well as in terms of the ascorbic acid equivalents (AAE) 
(mg AAE Kg-1 of dry starting material). The IC50 values for ascorbic acid and for BHT 
were also obtained and reported in Table 5.8 for comparative purposes. It is worth 
mentioning that this is the first study reporting the antioxidant activity of industry 
residues ICP and BC, shedding some light into the potential future applications. 
 
Table 5.8 – Antioxidant activity of the extracts of cork, cork powder and black condensate by 
DPPH radical scavenging 
 IC50 
(µg mL
-1
) 
values in ascorbic acid equivalents                    
(mg AAE g
-1
 dry starting material) 
Ascorbic acid  2.12 ± 0.02 - 
BHT 18.79 ± 0.22 - 
NC 4.77 ± 0.02 26.29 ± 0.10 
ICP 3.33 ± 0.02 14.36 ± 0.07 
BC 1.57 ± 0.01 13.34 ± 0.08 
 
Comparing the antioxidant activity of the three extracts expressed as mg AAE Kg-1 of 
dry starting material, the three extracts present trends similar to those presented for 
phenolic content: NC has the highest antioxidant scavenging, followed by ICP and by 
BC, in line with the amounts of phenolic compounds detected by HPLC-MS and with 
the reported total phenolic content values.  
The present extracts have revealed an antioxidant activity considerably higher than that 
for BHT and in some range of ascorbic acid. Furthermore, the IC50 values are in the 
same range of those reported before for Quercus suber cork extracts [20]. Interestingly, 
black condensate extract shows the highest antioxidant activity, even higher than 
ascorbic acid. This result, together with the phenolic composition, shows that BC is a 
promising source of valuable phenolic compounds. The development of methodologies 
to isolate and purify those compounds/fractions will constitute a relevant contribution to 
the valorisation of cork residues, instead of simply burning them, as a renewable 
resource. 
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5.8 Conclusions 
To our knowledge, the phenolic composition of cork powder and black condensate, two 
by-products from the cork industry, was investigated for the first time by using HPLC-
MS. To comparative purposes, the same methodology of extraction was applied to 
cork. Eighteen phenolic compounds were identified in cork, five of them are reported 
for the first time as its constituents, namely methyl gallate, brevifolin carboxylic acid, 
caffeic acid isoprenyl ester, isorhamnetin-rhamnoside and isorhamnetin. Sixteen and 
thirteen phenolic compounds were identified as cork powder and black condensate 
components, respectively, with only one compound of each one published before as its 
constituent. Ellagic acid is the major compound in both cork and cork powder extracts, 
followed by ellagic acid-pentoside, ellagic-acid rhamnoside and gallic acid in cork and 
by gallic acid and esculetin in cork powder Coniferaldehyde, esculetin and gallic acid 
are the major compounds of black condensate. The antioxidant scavenging of the 
extracts were evaluated, being, to our knowledge, the first study concerning the 
antioxidant activity of these cork residues. The extracts present an antioxidant activity 
higher than BHT, with black condensate showing the lowest IC50 value. These results, 
together with the phenolic content values, demonstrate the potential of these residues 
as a source of high value compounds 
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6.1 General discussion 
In the Introduction of this thesis (Chapter 1), the importance of research, in order to up-
grade the vast range of agro-forest by-products generated, not only in Portugal, but 
also elsewhere, was highlighted. It was also emphasised the importance of studying 
the chemical composition of those by-products, in order to exploit them as sources of 
valuable compounds, in particular of phenolic compounds (Chapter 2).  
In the first part of the experimental work developed in this thesis (Chapter 3), the 
phenolic fraction of Eucalyptus globulus bark was analysed. Conventional solid-liquid 
extraction was applied (Part A), considering published data [1-3]. Therefore, two 
solvents/solvent mixtures were used in the extraction: a mixture of methanol:water 
(50:50), and methanol, followed by water. The extracts obtained were analysed by their 
extraction yield, total phenolic content by Folin-Ciocalteu method and by identification 
and quantification of their phenolic components. The separation of the compounds was 
achieved by HPLC and the identification was done by two types of mass spectrometry 
techniques: tandem mass spectrometry, obtained in a triple-quadrupole, and multi-
stage mass spectrometry, using an ion trap spectrometer.  
The extraction yield of E. globulus bark obtained with the single step MeOH/H2O 
accounted 9.28%, a value lower than the sum of the extraction yields for MeOH 
(8.24%) and water (1.93%). The analysis of the TPC of each extract allowed to verify 
that MeOH/H2O and MeOH extracts have a similar TPCs (413.8±5.27 and 409.7±2.76 
mg GAE g-1, respectively), while the water extract showed a significantly lower amount 
(115.3±0.50 mg GAE g-1). However, considering the values in a basis of mass of bark, 
a TPC value of about 38.4 g GAE Kg-1 of bark can be achieved with a MeOH/H2O 
extraction, a value higher than the sum of TPCs with sequential extraction with MeOH 
(~33.8 g GAE Kg-1 of bark) and water (~2.2 g GAE Kg-1 of bark). 
The analysis of the extracts by HPLC-MS allowed to identify twenty-nine phenolic 
compounds, 16 of them referenced for the first time as constituents of E. globulus bark. 
Namely, quinic, dihydroxyphenylacetic, and caffeic acids, bis-HHDP-glucose, galloyl-
bis-HHDP-glucose, galloyl-HHDP-glucose, isorhamnetin-hexoside, quercetin-hexoside, 
methyl-ellagic acid -pentoside, myricetin-rhamnoside, isorhamnetin-rhamnoside, 
mearnsetin, phloridzin, mearnsetin-hexoside, luteolin and a proanthocyanidin B-type 
dimer. From a qualitative point of view, the same phenolic compounds were identified 
in both MeOH/H2O and MeOH extracts. The single MeOH/H2O extraction step shows 
abundances of the identified compounds in the extracts globally higher than those 
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obtained with MeOH, but lower than the total obtained in the sequential extraction with 
MeOH followed by water. However, as was verified by TPC, the total amount of 
identified compounds per mass of bark is clearly higher with a MeOH/H2O extraction 
(∼10.9 g kg-1) than the sum of the other two (∼8.4 g kg-1), clearly demonstrating the 
advantage of this single step extraction. Digalloylglucose is the main compound in the 
MeOH (17.95 mg g-1 of extract) and MeOH/H2O (17.77 mg g
-1 of extract) extracts, 
followed by isorhamnetin-rhamnoside (9.79 mg g-1 of extract) and galloyl-HHDP-
glucose (9.27 mg g-1 of extract) in the MeOH extract and by catechin (14.23 mg g-1 of 
extract) and chlorogenic acid (13.36 mg g-1 of extract) in the MeOH/H2O extract. The 
water extract was found to have considerably lower amounts of phenolic compounds, 
with catechin (15.94 mg g-1 of extract), galloyl-HHDP-glucose (9.04 mg g-1 of extract) 
and digalloylglucose (6.35 mg g-1 of extract) as the major components. Considering the 
phenolic content values in a bark basis, digalloylglucose (~1.65 g Kg-1 of bark), 
catechin (~1.32 g Kg-1 of bark) and chlorogenic acid (1.24 g Kg-1 of bark) are the major 
phenolic compounds present in E. globulus bark (Figure 6.1).  
 
Figure 6.1 – Major phenolic compounds identified in E. globulus bark 
This study was successful for several reasons. On the one hand, the number of 
phenolic compounds detected and identified with HPLC and MS. On the other hand, it 
was possible to verify that a single step extraction is efficient in the extraction of 
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phenolic compounds from E. globulus bark. Last, but not the least, the number of new 
phenolic compounds identified for the first time as constituents of E. globulus bark is 
also particularly relevant. 
In the second part of Chapter 3 (Part B) the conditions for the SFE-CO2 extraction were 
optimised. This study started with the analysis of the effect of the co-solvent in the 
extracts. Therefore experiments without co-solvent and by using water, ethyl acetate 
and ethanol. This study was complemented with conventional soli-liquid extractions 
with methanol/water and ethanol/water mixtures, for comparative purposes, since the 
bark samples used in this part were from a distinct sampling period of those used in 
Part A. However, the extraction yield of MeOH/H2O SLE extract were comparable with 
those obtained in Part A (9.28%). In the same way similar values were detected in TPC 
(407.41±16.68 against 413.8±5.27 mg GAE g-1 of extract).  
Concerning the conventional SLE extraction with EtOH/H2O, an extraction yield slightly 
higher (9.74%) than with MeOH/H2O was obtained, although with a lower amount of 
TPC (159.57±6.75 mg GAE g-1 of extract). The extracts were also analysed for their 
antioxidant activity by DPPH radical assay. Both MeOH/H2O and EtOH/H2O extracts 
showed IC50 values between those determined by BHT and ascorbic acid. Once more, 
MeOH/H2O extraction shows advantages comparatively to EtOH/H2O extraction, 
leading to extracts with higher antioxidant activity. When supercritical extraction was 
used, the extraction yields decreased drastically, down to 0.05%. However, using 
ethanol as co-solvent shows to be slightly more efficient, since an extraction yield of 
0.32% was achieved, against values of 0.05, 0.04 and 0.08% without co-solvent or with 
water or EtOAc as co-solvents, respectively. The same conclusion can be taken 
comparing the values of TPC, which range between 9.22±0.27 (CO2/H2O) and 
33.10±0.53 (CO2/EtOH) mg GAE g
-1 of extract. 
Regarding the antioxidant activities of the extracts, the CO2, CO2/EtOAc and CO2/H2O 
show to have an extremely low antioxidant activity (IC50 > 350 µg mL
-1), while 
CO2/EtOH extract has a higher value (IC50=64.81 µg mL
-1), although significantly lower 
than those obtained with conventional SLE extractions. To finalise this study, CO2 and 
CO2/EtOH extracts were analysed by HPLC-MS. Undoubtedly, ethanol incremented not 
only quantitatively, but also qualitatively the phenolic compounds extracted. In CO2 
extract only two phenolic compounds were detected (digalloylglucose and naringenin), 
while in the CO2/EtOH extract sixteen phenolic compounds were detected and 
quantified. Surprisingly, this extraction showed to be selective to the flavanones 
eriodictyol and naringenin and to the O-methylated flavonol isorhamnetin (Figure 6.2), 
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with contents (in mg g-1 of extract) higher than that previously achieved with 
MeOH/H2O SLE procedure (Chapter 3 –Part A). 
 
Figure 6.2 – Major phenolic compounds identified in CO2/EtOH extract of E. globulus bark 
The CO2/EtOH extract also presents methyl-ellagic acid, a compound that was not 
detected in SLE extracts, and it was referenced only as a constituent of E. globulus 
fruits [4]. Therefore, the number of phenolic compounds identified in E. globulus bark 
rises to thirty, with seventeen referenced for the first time as its components. 
After the conclusion that ethanol is the best co-solvent for the SFE-CO2 extraction of 
the phenolic fraction from E. globulus bark, the next step involved the optimisation of 
the SFE conditions. Therefore, three of the most important parameters in SFE were 
optimised: temperature, ethanol content and CO2 flow rate. The effect of these 
parameters in the extraction yield, total phenolic content, phenolic content quantified by 
HPLC-UV and antioxidant activity was verified, applying a full 23 design of experiments. 
The ethanol content showed a significant and positive influence in the four responses, 
while the temperature affected all the responses, with exception of the phenolic content 
quantified by HPLC. Conversely, the CO2 flow rate only had influence on total phenolic 
content. This influence can indicate some problems related on external mass transfer 
phenomena. This study ended with the determination of the optimal SFE conditions, 
maximizing all responses: 70 ºC, 20% (wt) of ethanol, and 10 g of CO2 min
-1 at 300 bar. 
The values of the dependent variables at this point were: EY = 0.48% of extraction 
yield, TPC = 57.22 mg GAE g-1 of extract, PC-HPLC = 119.46 mg g-1 of extract, and AA 
= 49.74 mg AAE g-1 of extract. Although the extraction yield and antioxidant activity are 
quite distant from those obtained with conventional SLE, the amount of phenolic 
compounds quantified by HPLC in mg g-1 of extract clearly exceeds that obtained with 
MeOH:H2O SLE. It has to be highlighted that this is only in a quantitative point of view, 
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since the range of compounds detected in SFE and SLE were not the same. 
Nevertheless, the selectivity of SFE could be also an exploitable task.  
In order to verify the potential of other pulp and paper mill by-products generated 
worldwide as sources of phenolic compounds, the barks of E. grandis, E. urograndis 
and E. maidenii were analysed (Chapter 4). The conditions of conventional SLE 
applied in E. globulus bark were used. The extraction yields of the barks of the three 
species varied between 10.54% (E. grandis) and 15.18% (E. urograndis), which are 
clearly higher than that reported for E. globulus. The TPC values obtained, 
385.63±11.02, 346.72±7.76 and 203.86±4.37 mg GAE g-1 of extract, for E. grandis, E. 
urograndis and E. maidenii, respectively, are in the same range, although lower than 
that obtained for E. globulus bark. The analysis by HPLC-MS allowed to verify that 
some compounds are constituents of all the species analysed, including E. globulus, 
namely quinic, gallic, protocatechuic and ellagic acids and methyl gallate, catechin, 
galloyl-bis-HHDP-glucose and isorhamnetin-rhamnoside. Furthermore, three new 
phenolic compounds were identified as constituents of Eucalyptus spp. bark, namely 
ellagic acid-rhamnoside, dihydroxy-isopropylchromone-hexoside and dihydroxy-
(methylpropyl)isopropylchromone-hexoside.  
 
Figure 6.3 – Major phenolic compounds identified in E. grandis bark 
Epicatechin and quercetin-glucuronide (quantified together) are the main constituents 
of the phenolic fraction of E. grandis and E. urograndis, followed by ellagic acid-
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rhamnoside and ellagic acid in E. grandis (Figure 6.3) and by galloyl-bis-HHDP-glucose 
and gallic acid in E. urograndis (Figure 6.4).  
 
Figure 6.4 – Major phenolic compounds identified in E. urograndis bark 
Considering the total amount of phenolic compounds quantified by HPLC, those two 
species showed similar values and higher than those of E. maidenii. Nevertheless, E. 
maidenii showed a larger diversity on the phenolic composition, with a total of twenty 
four phenolic compounds being detected, against thirteen and twelve detected in E. 
grandis and E. urograndis, respectively. In addition, the main compounds quantified 
were catechin, chlorogenic acid and methyl-ellagic acid-pentoside (Figure 6.5). 
Concerning the antioxidant activity of the extracts, the values determined are all in the 
same range, varying the IC50 values between 6.14±0.21 and 8.24±0.26 µg mL
-1. The 
AA of these three extracts are clearly lower than that of E. globulus bark extract, 
although the IC50 values are still between those of the two commercial antioxidants 
BHT and ascorbic acid. This study was pioneer, regarding the phenolic fraction of the 
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bark from these species, and, clearly, shows the potential of these by-products as 
sources of valuable phenolic compounds. 
 
 
Figure 6.5 – Major phenolic compounds identified in E. maidenii bark 
The Chapter 5 deals with the analysis of phenolic fraction of cork and related by-
products, and was divided in two parts. In the first part (Chapter 5-Part A), only the 
Quercus suber cork was analysed, in order to study in detail its phenolic composition. 
Conventional SLE with methanol:water (80:20), followed by a liquid-liquid extraction 
with diethyl ether were applied [5, 6]. In addition, a sequential extraction, first with 
methanol and then with water, was also performed.  
The extraction yields obtained for methanol/water (80:20) and methanol extracts were 
similar (1.2 and 1.7%), while the water extract showed a higher yield (3.7%). The 
analysis of the three extracts by HPLC-MS allowed to identify fifteen phenolic 
compounds, between phenolic acids, a coumarin and flavonoids, in particular, 
flavanones. Five of the compounds identified were reported for the first time as cork 
constituents, namely, quinic and salicylic acids, p-hydroxyphenyllactic acid, eriodictyol 
and naringenin. All the extracts have ellagic acid (Figure 6.6) as the main constituent, 
with contents of 2031.5 mg Kg-1 of dry cork obtained with MeOH/H2O (80:20) extraction 
and 2103.4 mg Kg-1 obtained with MeOH extraction followed by water. Furthermore, 
cork showed also high contents of gallic acid (289.7 mg Kg-1 of dry cork, obtained with 
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MeOH extraction followed by water) and protocatechuic acid (177.3 mg Kg-1 of dry 
cork, obtained with MeOH extraction, followed by water). 
 
Figure 6.6 – Major phenolic compounds identified in MeOH/H2O (80:20), MeOH and water 
extracts of Q. suber cork 
The cork extracts were also analysed by their antioxidant activity, using ascorbic acid 
and BHT as reference compounds. Diethyl ether extract showed the highest AA (even 
higher than ascorbic acid). The methanol and water extracts also showed promising 
values of antioxidant activity, with IC50 values between those of ascorbic acid and BHT. 
Due to its high extraction yield, the AA of water extract become higher than the other 
extracts, when expressed as ascorbic acid equivalents in a dry cork basis. This result 
could be interesting to exploit water extracts of cork, in a perspective of a source of 
valuable compounds.  
The second part of this Chapter focused on the analysis of phenolic fraction from 
industrial cork by-products (Chapter 5-Part B). However, taking into account the 
successful MeOH/H2O SLE obtained previously for E. globulus bark, and then for the 
other three Eucalyptus spp., the same methodology was applied in cork and related by-
products. In addition, these extracts were analysed by multi-stage mass spectrometry. 
The extraction yield of cork is clearly higher (5.93%) than those obtained previously 
with other SLE methodologies. The same behaviour was achieved for TPC, despite 
being in the same range. The EY of ICP and BC were slight lower than for NC, 
accounting values of 2.26 and 0.99%, respectively. These extracts show TPC values of 
254.54±0.28 and 167.32±0.61 mg g-1 of extract, which are lower than that achieved for 
cork. 
In this study, a total of eighteen different phenolic compounds were detected in cork, 
five of them refereed for the first time as cork constituents. Namely, methyl gallate, 
brevifolin carboxylic acid, caffeic acid isoprenyl ester, isorhamnetin-rhamnoside and 
isorhamnetin. The identification of most of the compounds in this study was possibly 
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due to the use of multi-stage MS. In fact, Fernandes and co-workers [7] also identified 
several more complex phenolic compounds, some of them also identified in this study, 
by using the same mass spectrometry technique. 
It has to be highlighted that the phenolic content quantified by HPLC of Q. suber cork 
obtained with this extraction procedure, in mg g-1 of extract, is lower than that obtained 
with MeOH/H2O (80:20) extraction, followed by diethyl ether liquid/liquid extraction 
(Chapter 5-Part A). However, when it is considered the amount of phenolic compounds 
in a dry cork basis, the MeOH/H2O (50:50) extraction allowed to obtain clearly higher 
values (~4.25 against 2.22 g Kg-1 of dry cork). Moreover, and apart from the new 
phenolic compounds identified, this extraction allowed to obtain higher amounts of 
each compound, with the exception of ellagic acid, than those obtained with 
MeOH/H2O (80:20) extraction. Notwithstanding, ellagic acid was identified as the major 
component of phenolic fraction of Q. suber cork, followed by ellagic-acid pentoside and 
ellagic acid-rhamnoside (quantified together) and gallic acid (Figure 6.7). The content 
of ellagic acid derivatives, together with the amount of free ellagic acid, could be 
interesting and an exploitable task in cork valorisation. 
 
 
Figure 6.7 – Major phenolic compounds identified in MeOH/H2O (50:50) extract of Q. suber 
cork 
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Sixteen phenolic compounds were identified in ICP, namely, quinic, gallic, 
protocatechuic, caffeic, ferulic and ellagic acids and methyl gallate, esculetin, brevifolin 
carboxylic acid, coniferaldehyde, caffeic acid isoprenyl ester, valoneic acid dilactone, 
ellagic acid-pentoside, ellagic acid-rhamnoside, isorhamnetin-rhamnoside and 
isorhamnetin. Among these, only ellagic acid was previously reported as constituent of 
ICP. In the same way, thirteen phenolic compounds were identified in black 
condensate, twelve of them for the first time. Namely, quinic, gallic, p-
hydroxypheyllactic, protocatechuic, p-coumaric, caffeic and ellagic acids and vanillin, 
esculetin, coniferaldehyde, caffeic acid isoprenyl ester and eriodictyol. Cork powder 
has also ellagic acid as the majority compound, followed by gallic acid and esculetin 
(Figure 6.8).  
 
Figure 6.8 – Major phenolic compounds identified in industrial cork powder 
Coniferaldehyde, esculetin and gallic acid (Figure 6.9) are the major compounds of 
black condensate, showing this extract a total amount of phenolic compounds 
quantified by HPLC, when expressed as mg g-1 of extract, in the same range of those 
obtained for ICP and NC. This is a promising result, since it shows that this unexploited 
by-product could be a valuable source of phenolic compounds.  
 
Figure 6.9 – Major phenolic compounds identified in black condensate 
Furthermore, promising results were obtained analysing their antioxidant activity, which 
is higher than that for BHT and in the range of than that for ascorbic acid. Interestingly, 
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black condensate has a higher AA than ascorbic acid, and, inclusively, the highest AA 
achieved in all the biomass fractions analysed in this work. The antioxidant activities of 
ICP also showed promising results, with an IC50 value (3.33±0.02 µg mL
-1), lower than 
that for NC (4.77±0.02 µg mL-1). The AA of cork is in line with those obtained from the 
others biomass analysed. In addition, both IC50 values for NC and ICP are between 
those of ascorbic acid and BHT. 
6.2 Concluding remarks and future work 
This study allowed to verify that several agro-forest industrial by-products can, clearly, 
be exploited as sources of valuable phenolic compounds.  
One of the main conclusions to be highlighted is the vast range of phenolic 
compounds, from different classes, identified, by combining the advantages of high-
performance liquid chromatography and distinct mass spectrometry techniques. 
Eucalyptus globulus, E. grandis, E. urograndis and E. maidenii barks show to be 
constituted by a vast range of phenolic compounds, including phenolic acids and 
aldehydes, chromones, different groups of flavonoids, flavonoids glycosides, ellagic 
acid and galloylglucose derivatives and inclusively ellagitannins.  
In the same way, the industrial cork by-products, namely, industrial cork powder and 
black condensate, present a wide variety of interesting phenolic compounds, involving 
phenolic acids and aldehydes, cinnamic acids, coumarins, ellagic acid derivatives and 
flavonoids. 
Cork could also be up-graded and exploited as a source of valuable phenolic 
compounds and, particularly, as a source of ellagic acid.  
All the extracts analysed showed promising antioxidant activities, which, in most of the 
cases, could even compete with the antioxidant activities of commercially available 
antioxidants, such as BHT and ascorbic acid. Black condensate, in particular, shows 
the lowest IC50 value of all the biomasses analysed, and even lower than BHT and 
ascorbic acid.  
Supercritical fluid extraction of phenolic compounds from E. globulus bark, although 
leading to low extraction yields, showed to be selective for restricted classes of 
phenolic compounds, namely, flavanones (eriodictyol and naringenin) and one O-
methylated flavonol (isorhamnetin). This can be further exploited for specific uses, 
where these families of compounds might be targeted. 
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This study constitutes an important step in the up-grading of these industrial residues, 
however, several further steps need to be developed before industrial/commercial 
exploitation becomes real. 
In the case of E. globulus bark, supercritical fluid extraction should be applied after an 
environmentally friendly extraction of lipophilic components, instead of dichloromethane 
extraction. In this vein, recently Domingues and co-workers [8] have applied and 
optimised SFE extraction of lipophilic components from E. globulus bark. In the same 
way, supercritical fluid extraction should also be applied to the pre-extraction of the 
other by-products and the conditions also optimised. 
The extracts obtained could also be evaluated concerning other activities, beside 
antioxidant activity. In fact, Mota et al. [9] showed, recently, the promising potentialities 
of E. globulus bark extracts as anti-proliferative agents in human breast cancer cell 
lines. 
At last, but probably one of the most important tasks to be taken in a future work, 
includes the development of methodologies to purify the fractions/compounds of 
interest. 
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